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ISUMMARY
The feasibility, from a scientific and engineering design criteria
standpoint, of simulating the Martian atmospheric process is considered.
Three general areas are studied in detail: simulation of the transportation
and deposition of dust and sand by atmospheric processes, dissociation and
absorption properties of molecular constituents of the Martian atmosphere,
and thermodynamic properties of the Martian atmosphere.
The feasibility of simulating the transportation and deposition of dust
and sand under Martian environmental conditions is examined with a view to
developing design criteria for Martian missions. The dynamic processes active
in the acquisition, transportation, and deposition of unconsolidated material
are analyzed and shown capable of producing dust storms and meaningful land-
forms on the M_rtian surface.
The basic conditions necessary for the movement of unconsolidated material
on the Martian surface are the presence of the material, and winds with velocities
high enough to move the material. Consideration of the possible geologic pro-
cesses active on the Martian surface indicate that volcanic, meteoritic impact,
and weathering processes would produce unconsolidated material ranging from
clay-size particles to boulders. Theoretical calculations concerning the
pertinent dynamic atmospheric processes indicate that threshold velocities one
meter above the surface may be as low as 55 m/sec, and that the minimum velocities
are for medium-grained sand, which should be plentiful. Previous theoretical
studies have predicted peak surface wind velocities as high as 143 m/see. Thus
the transportation and deposition of unconsolidated material on the Martian
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t
vi
A¢.
surface is shown as a probability. Consideration of the typical landforms com-
posed of wind-blown sand indicates that the classical desert barchan and seif
dunes can be expected on the Martian surface, and that their characteristic
shapes will reveal much about the wind direction and velocity. Significantly,
these features can be observed remotely and their interpretation used to
evaluate photographic data returned from probes and to improve design criteria
for later missions. Simulation of the acquisition, transportation, and
deposition of dust under Martian environmental conditions is considered
feasible within the present state-of-the-art, and promises immediate improve-
ment in design criteria.
Theoretical and experimental work on the composition and chemical
phenomena of the Martian atmosphere, including spectroscopic data and Mariner
IV results, are reviewed and interpreted for their pertinence to atmospheric
composition. It is concluded that, although CO 2 is the chief constituent, some
water vapor is present. The limited information available on the composition
of the Martian atmosphere has been obtained by analogy with the EarthWs
atmosphere, of which we know a great deal. Numerous ionization and recombination
processes, which may interact and affect the transport of the constituents to
different layers of the Martian atmosphere, are discussed. The effect of solar
corpuscular radiation, as well as electromagnetic radiation, upon these processes
may be substantial.
The feasibility of obtaining information related to the Martian atmospheric
composition by simulating the atmosphere of Mars in an absorption tube is
studied. The physical requirements for such an experiment and an existing
multiple-reflection absorption tube system are briefly discussed.
vii
The thermodynamicproperties of the Martian atmosphereare reviewed, with
consideration given to the vertical profiles of composition, temperature,
numberdensity, and pressure. There are major uncertainties in these profiles;
in psrticular, a significant area of disagreement resides in identifying the
main ionospheric layer measuredby the Mariner IV occultation experiment as
being analogous to a terrestrial F2, FI, or E layer. The latest values of the
optical properties of the atmosphereand surface, the thermal properties of the
surface, and the convective heat transfer coefficient of the atmospherenear the
surface are briefly reviewed and compared.
A brief discussion of potential experiments is given, which includes
polarization studies of CO2 and H20frosts, determination of the upper
atmospheric reaction rate coefficients for temperatures approaching 80°K,
and determination of the convective heat transfer coefficient near the
Martian surface.
¢
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JSECTION I
INTRODUCTION
The primary objective of this investigation was to review accrued knowledge
to date, and investigate the feasibility, from a scientific and engineering
design criteria standpoint, of obtaining further Martian atmosphere information
through simulation of the Martian atmosphere.
It is readily apparent that the various aspects of a planetary atmosphere
are interdependent to the extent that the definition of any one portion requires
considerable knowledge of the other portions. While this interdependence
broadens any investigation and discourages independent treatment of any portion
of particular interest, it permits the study of one portion as an approach to
understanding another more pertinent portion on which data are lacking or more
difficult to acquire. For example, dust clouds and eolian (wind) landforms
are both lower atmosphere products that can be observed remotely and interpreted
prior to a venture into the atmosphere itself. The lower atmosphere, in turn,
relates to the upper atmosphere and other aspects that may be of more interest in
a particular problem.
Recognition of the interdependence of the various aspects of the atmosphere
led to the study of three general areas, with some overlap in the subject matter.
The areas studied include: Simulation of The Transportation and Deposition of Dust
and Sand by Atmospheric Processes, Dissociation and Absorption Properties of
Molecular Constituents of the Martian Atmosphere, and Thermodynamic Properties
of the Martian Atmosphere. No attempt was made to present a most probable
i-I
Martian atmospheremodel; therefore, somedifference in data maybe noted,
particularly in ov_r1_n_o_,L6 areas, which reflect the different literature
sources and emphasizethe need for experimentation.
Sections II, III, and IV present the results of the three study areas,
while Section V of this report su_arizes the results of the three studies
and presents recommendationsfor further theoretical and experimental studies.
_b
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SECTION II
SIMULATION OF THE TRANSPORTATION AND DEPOSITION
OF DUST AND SAND BY MARTIAN ATMOSPHERIC PROCESSES
2.1 GENERAL
Present estimates of wind velocities, circulation patterns, and related
atmospheric phenomella on Mars are based on observations from Earth, and the
results of sparse theoretical studies. These estimates, however, are no more
than broad approximations and there is a definite need for improvements to
meet the design criteria requirements for Martian missions. Some improved
estimates are expected through further Earth-based observations, better
theoretical techniques, and planetary probe data; however, more in_ediate and
reliable gains can be made through vacuum chamber and wind tunnel simulation
of the Martian atmospheric processes. Such simulation studies can contribute
much to developing empirical and theoretical techniques, particularly for
exploring the interrelationships between the atmosphere and surface materials.
The nature of an atmosphere, terrestrial or planetary, governs the effectiveness
of weathering, wind erosion, and deposition. In turn, dust clouds and eolian
(wind) landforms, which may be observed remotely, are products of atmospheric
processes and surface geologic characteristics. Thus, the dust clouds and
eolian landforms are important because they can be observed remote]y and
interpreted for what they reveal of the related atmospheric processes.
This study considers the previous experimental and theoretical work on the
transportation and deposition of sand and dust by atmospheric processes as a
point of departure, then develops the applicable theories to the point necessary
to determine the feasibility of meaningfully simulating those processes of
the Martian atmosphere.
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A brief review of the physics of eolian processes is madefrom which
appropriate theories are developed to determine whether unconsolidated material
exists on the Martian surface, and whether the winds could have velocities high
enoughto movethe material. The determination includes consideration of
horizontal, vertical,and cyclonic (dust devil) winds as possible transporting
agents. 5and dunes, as typical eolian surface features, are reviewed and their
shapes related to winds as a means of determining the atmospheric significance
of eolian surface features.
In addition, the types of facilities necessary to simulate the various
atmospheric processes are investigated and summarized.
2.2 PHYSICS OF EOLIAN PROCESSES
The problem of particle movement in air or in fluids, in general, has
been studied to great depth only in limited areas to meet the needs of a
particular discipline or problem. The deposition of silt and sand in rivers
and harbors, rock ingestion in jet engines, pipeline transportation of
particles, determination of the geological history and formation of sedimentary
rocks, and the interpretation of eolian landforms are just a few of the areas
that have been investigated. Only in two areas have comprehensive investigatious
been made: the acquisition, transportation, and deposition of sand ((7.1 - 1.0
mm diameter) in a desert environment (ref. 2-1); and the rate of full of
individual particles through a fluid at rest (refs. 2-2 and 2-3). In both
areas, theoretical and experimental approaches were used. Tile laboratory
investigations of sand movement (ref. 2-I) were supplemented by field
investigations.
_m
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Bagnold's studies (ref. 2-1) are of particular interest because they
show that a combined theoretical and experimental program can reasonably predict
the behavior of spherical, sand-slze particles under various wind conditions.
His work is quite extensive, covering such areas as: the various factors
influencing the acquisition of particles (particle characteristics, wind
direction and velocity, surface characteristics, gravity, etc.); transportation
of particles (suspension, saltation, and surface creep); and deposition of the
particles (true sedimentation, accretion, and encroachment).
An extensive investigation of the physics of particle movement in the
Martian environment was not undertaken in this study; rather, only those areas
are discussed that would furnish clues as to the probability of movement of
sand and dust by Martian winds and that would aid in determining the test
requirements of a simulation facility.
Two basic conditions must be met before the movement of sand and dust can
take place on Mars: the presence of unconsolldated material, and winds with
velocities h_gh enough to move the nmterial. The presence of unconsolidated
material on the Martian surface was established in reference 2-4. The existence,
abundance, and characteristics of the unconsolidated material are discussed in
the following paragraphs. The quantity and characteristics of the unconsolidated
material are directly related to the rock types present and the geologic processes
active on the surface. Typical rock types expected to be found on the Martian surface
are basalt, andesite, obsidian, stoney-iron meteorites, etc. Three geologic processes
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are readily seen as sources of unconsolidated material. Theseprocesses are
volcanism, meteoritic impact, and gradation.
Unconsolidated material formed during meteoritic impacts and volcanic
eruptions should closely resemble that found on Earth; however, this is not
thought to be true in the case of sediments formed by Martian gradation pro-
cesses. On Earth, chemical weathering, physical weathering, and a variety of
erosional agents (water, wind, ice, etc.) are active. Water, through erosion
and chemical weathering, is the dominant influence in determining the
characteristics of most terrestrial sediments, in particular, the formation of
Clay-size particles. The apparent absence of large amounts of water indicates
that while clay-size particles _0.0039 mm) may be present, the extent and
quantity will be much less than found on Earth.
It has been generally accepted (refs. 2-5 and 2-6) that the Martian
surface is comparatively smooth when compared to the Earth. Ryan, in his paper
concerning Martian yellow clouds, (ref. 2-7) considered the maximum grain
diameter of surface material to be no greater than I00_ and probably no greater
than 50_. This conclusion appears unjustified when careful consideration is
given to the possible Martian geologic processes. Volcanism and meteoritic
impacts would produce unconsolidated material ranging from clay-size particles
to boulders. Also, physical weathering would generally produce coarse-grained
material, with the actual grain size determined largely by type and texture
of the parent rock. Grain sizes as large as 2 to 4 mm should not be uncommon.
The unconsolidated material furnished by these sources then would be transported
and deposited over much of the planet's surface by eolian processes. Thus, it
has been concluded by the authors that unconsolidated material may be wide-
_J
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spread on the Martian surface and that the material may occur as well- to
poorly sorted sediments. The well-sorted sediments are expected to consist
mostly of clay- and sand-size particles, while the poorly sorted sediments
may include particles ranging from clay sizes to boulders.
Lnrge-scale eolian landforms are commonly classified as regs or ergs.
Regs are erosional features where the fine-grained material has been removed,
leaving an area composed primarily ot coarse-grained material. Ergs are
depositional features, generally described as sand seas, and may contain a
large variety of land forms depending on the amount of sand available and the
velocity and direction of the winds. An additional depositional feature would
be deposits of fine-grained material similar to terrestrial loess deposits.
Regs, ergs, and loess deposits are basically end products ot the eolian processes.
Martian desert areas will probably contain features in various stages of
development. It is expected that Mars will have large amounts of unconsolidated
material exposed on its surface. This material may range from well-sorted
to poorly-sorted sediments. Grain size will be variable; clay- and sand-size
particles for the well-sorted sediments, and clay-size particles to boulders
for the poorly sorted sediments.
Winds with velocities high enough to move the unconsolidated material and
form sand and dust clouds also appear to be present on the Martian surface.
Yellow clouds have been observed on the Martian surface, usually in the ]ower
latitudes and predominant_ in the sot_thern hemisphere. The clouds are generally
local in extent and dissipate in a matter of days. llowever, there have been
occasions (1956) when the entire disc was covered for several weeks. The results of
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photometric and polarization studies imply that the yellow clouds are composed
of solid particles.
The velocities of these cloud movements have been measured telescopically
(accuracy J 25 percent) on numerous occasions (ref. 2-8). The maximum v_,locity,
observed in 1956, was 24.69 m/see. Numerous other measurements have showxl
velocities in the I0 to 12 m/sec range. As on Earth, it is probable that winds
within the clouds are higher than the velocity of the cloud movement itself.
Theoretical studies have produced estimates of peak surface wind velocities as
high as 143 m/sec (ref. 2-9).
Two types of phenomena may be responsible for the movement of unconsolidated
material on Mars. These are horizontal and vertical winds associated with large-
scale climatic disturbances and small-scale cyclonic systems (dust devils).
2.2.1 Horizontal and Vertical Winds as Agents for Transporting Martian
Unconsolidated Material
Only a few investigators have approached the problem of sand and dust
movement on Mars from a theoretical point of view in any degree of detail.
Ryan (ref. 2-7), using 25-mb and 80-mb atmosphere models, discussed the winds
required to initiate grain motion and to maintain them aloft, range of particle
sizes that may make up dust and sand clouds, and the probable result of tl_e
depositional phase of the eolian processes. A JPL document (ref. 2-8)
basically updates the Ryan paper by recalculating many of the results using
pressure values of 14 mb and 40 mb.
Ryan's conclusions concerning Martian threshold velocities are tl_e
results of calculations based on Bagnold's fluid threshold equation. 'l'hc
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calculations made in this report are also based on this basic equation and
the numerical data in Table 2-1. Bagnold's fluid threshold equation is given
as:
v t 5.75A gd" Iog _
where:
v t == Threshold fluid velocity at any height
A == Dimensionless parameter
o = Particle density
0 _= Atmospheric density
g == Gravity field strength
d = Particle diameter
z = Height above the ground
k = Roughness factor (_ 1/30 the effective grain diameter).
This equation may also be stated as:
Z
v t = 5.75 V.t log
where V.t , the threshold velocity gradient,is equal to:
A,/°-'_- gd"
Bagnold found experimentally that the dimensionless parameter "A"
was primarily dependent on the Reynolds number. The Reynolds number (Re)
is defined as:
(velocity V.t)(size dimension d)
Re _ (kinematic viscosity y )
(I)
(2)
(3)
(4)
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The critical Reynolds numbervalue was found experimentally to be 3.5. For
particles with Reynoldsnumbersgreater than 3.5, A is almost constant. In
the air on Earth this value of A is approximately 0.i. For particles with
Reynolds numbersless than 3.5, the value of A, which was found by Bagnold,
is not constant.
Noexperimental work has been performed under Martian environmental
conditions to determine values of A. To overcomethis, it is assumedin this
report that the fluid threshold equation is valid for Mars and that the
dimensionless parameter A for Mars (Am) is approximately equal to the
dimensionless paramater A on Earth (Ae) for a given Reynolds number. The
Reynolds numberto coefficient A relationships were calculated using equationse
(3) and (4) from data found in reference 2-1. TheRe to A to d relationshipsm
for Mars were then determined by the following equations:
d
Re = _ V,t
or
Re = _ (
Equation (5) is solved for d using numerical data for the two atmospheric
models given in Table 2-1 and terrestrial values of Re and A. With the
relationships between Re, Am, and d known, the fluid threshold velocities then
can be found using equation (I) for various heights above the surface and for
different roughness factors.
As discussed earlier, we disagree with the general opinion that Mars
is extremely smooth and consider it to be as rough or rougher than the Earth.
With this assumption, we calculated the fluid threshold velocities at a height
(5)
(6)
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iof one meter above the surface using recent Martian atmosphere data (Model 1
and Model 2 given in Table 2-1). The four different values (0.03, 0.05, 0.i,
and 0.2 on) for the roughness factor (k), which were used in the calculations,
represent surfaces composed of particle sizes ranging from 9 to 60 mm in diameter.
The results of these calculations are shown in Figures 2-1 and 2-2.
Table 2-1. MARTIAN ENVIRONMENTAL DATA
MODEL 1
MODEL 2
GRAVITY
(cm/sec 2)
375
375
DENSITY PRESSURE
(gmlon 3) (mb)
i0
ATMOSPHERE (SURFACE)
COMPOSITION %
i-
1.5657
1.2096
C02 N 2
=,
50 50
I00 0
KINEMATIC
VISCOSITY
_cm2/sec)
ii.0
9.8
MEAN FREE
PATH
(m)
6.414 x 10 -6
1.020 x 10 -6
COEFFICIENT
OF VISCOSIT_
(kg/m-sec)
1.7252 x i0 -_
1.1827 x i0 -_
The high wind velocities indicated by these calculations are not the minimum
wind velocities necessary to cause sand and dust movement on the Martian surface.
There exists a critical wind velocity, less than the fluid threshold velocity of
a given surface, where saltation, once set in motion, can just maintain itself
indefinitely down-wind of the disturbance. This critical velocity was termed by
Bagnold as the "impact threshold velocity." Baynold's experimental results show
that impact threshold velocities are approximately 20 percent lower than those
for the fluid threshold. Assuming the validity of this phenomenon for Mars, the
minimum impact threshold velocity based on the data in Table 2-1 is approximately
55 m/sec. Considering the possibility of a high gust of wind, an earthquake,
meteor impact, landslide, etc., originating the saltation of particles, it is
2-9
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possible for these movementsto grow into dust or sand storms and to form eolian
landforms. Additional calculations by the authors to determine the effect of
grain density on the fluid threshold velocities showedthat the difference in
densities betweenfeldspar (2.5 g/cm3) and pyroxene (3.6 g/cm3) had little
influence on the fluid threshold velocity of aparticular surface. However,while
the fluid threshold velocity is practically unaffected, the impact threshold
velocity maybe noticeably lower. This possibility, however, has not been con-
firmed and will require additional study.
Thevertical winds required to keep particles aloft must be considered
along with the fluid threshold velocities required to initiate particle move-
ment. Using the Cunningham-Stokesequation for particles less than i0_, the
Stokes equations between I0 and !00_, and graphically solving for particles
greater than 100_ Ryan (ref. 2-7) determined that vertical wind velocities
required to maintain particles aloft on Mars are less than for Earth over a
large range of grain sizes (I to 300_ for an atmospheric pressure of 80 mb,
and 4 to 200_for 25 mb).
Using Models 1 and 2, we recalculated these vertical wind velocities
showing (Figure 2-3) that even with a 4-mbatmosphere,particles ranging in
size from ]4_ to _140_ in diameter will require lower vertical wind velocities
on Mars than on Earth.
The significance of these calculations is seen whenthe probable
Martian surface and environmental conditions are considered. The unconso1[dat_'d
material on the Martian surface is believed to be typically composedof a wide
range o_ grain sizes resulting from the action of volcanic, meteoritic impact,
2-12
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and gradation processes. Assuming such a surface and a Martian wind with velocities
great enough to initiate and sustain movement of grains 0.4 to 0.6 mm in diameter,
it is logical that clay-size particles present will be dislodged and carried into
the atmosphere. Once these small particles are air-borne, their settling rates,
implied by the vertical wind velocities shown in Figure 2-3, will be similar to
and in some cases less than on Earth.
From the results of the preceding calculations and discussion, it appears
that Martian atmospheric and surface conditions will be conducive to the
formation of both dust clouds and eolian surface features.
2.2.2 Dust Devils as Asents for Transportin$ Martian Unconsolidated Material
The yellow clouds on Mars have been explained in several ways. The major
explanations for the existence of the yellow clouds are major meteoric collisions
(ref. 2-10), horizontal wind storms (ref. 2-7), and small-scale cyclonic
disturbances such as tornadoes and dust devils (refs. 2-10, 2-11, and 2-12).
Since the area of concern in this final report is the feasibility of Earth-based
simulations of Martian atmospheric features, the meteoric collision theory will
not be considered.
Measurements of terrestrial dust devils have been taken by Ives (ref. 2-13)
and Sinclair (ref. 2-14). Sinclair observed high horizontal and vertical wind
velocities near the ground in the terrestrial dust devils. Similarly, Ives
observed the transport of large amounts of dust to high altitudes through the
agency of dust devils. This has been used by Neubauer (ref. 2-12) as a strong
argument for proposing that small-scale cyclonic wind systems are a possible
explanation for the yellow clouds.
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JNeubauer (ref. 2-12) proposed that "...small-scale cyclonic wind
systems can explain the formation of dust clouds, even in the abscence of
strong large-scale wind systems". He proceeded to calculate the time-
dependent vertical temperature profile for the region very close to the
Martian surface. The results of this calculation Indicate "...a very
steep temperature gradient near the ground around the time of the temperature
maximum. "
Neubauer extended his analysis to the mechanism of the dust devils
which he described as follows:
,'The hot air from the ground in the dust devil chimney
has a smaller pressure decrease with height than the
surrounding cold air. To fit the external pressure at the
upper end of the dust devil there must be a reduced pressure
at the ground. The force resulting from the pressure
gradient and the buoyancy force accelerates the hot air in
the lower part of the chirlney. A sudden collapse of the re-
duced pressure core is inhibited by the centrifugal forces of
the rotating air masses."
Neubauer's analysis of the dust devil is based on a simple integration
of the equation of motion from the Martian surface to the top of the dust
devil. The major relationship resulting from the analysis was the maximum
wind velocity at the top of the dust devil
2
Vma x = 2gATo/Tob (7)
where g is the acceleration of gravity (- 375 cm/sec 2 on Mars), AT is defined
o
as To-To, To is the surface atmospheric temperature, To Is the daily mean surface
atmospheric temperature, and b is proportional to I/D where D is the dust devil
diameter. By analogy to Earth dust devils, Neubauer obtained the relationship
bD _ 4/15 and, therefore,
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Vmax _ 2"5(gDATo/To )2 (8)
This relationship is plotted in Figure 2-4 for the conditions of the Martian
atmosphere. However, the results of Neubauer should be checked since he
ass_ued the m_Lin constituent of the Martian atmosphere to be nitrogen rather
than the now generally accepted carbon dioxide.
Thus, according to Neubauer, "...the critical parameter for the wind
velocities in a dust devil is gATo/T o. Furthermore, one would expect the
number of dust devils created per unit area and unit time to increase as :\T /T
O O
increases." To support his argument for the enhanced occurrence of dust devils
on Mars, Neubauer calculated a ATo/To of 0.21 for the maximum value resulting
from his analysis of the temperature profile near the ground and compared this
value with a typical value for Earth of 0.12 (given by Ives, ref. 2-13). This
comparison shows that the initiation of dust devils should occur more easily
on Mars than on the Earth.
Ives (ref. 2-13) and Sinclair (ref. 2-14) suggest that the up-currents of
dust devils can reach very high altitudes, as high as 5 to 9 kln which is the
altitude where dust clouds have been observed on Mars (ref. 2-15).
Tang (ref. 2-11) calculated the maximum surface wind speed on Mars that
might exist in a storm. He suggested that the maximum surface wind velocity on
Mars would be found in a tornado, assuming that such storms could exist. The
calculations were based on a formula for the maximum surface wind velocity for
a convective vortex as derived by Kuo (ref. 2-16)
2-16
L)
:>
loo I 1
ATo I/Z AT
VMA X _ Z. 5(gD _ ) I o
T o
so - I T-o
40 g = 3.7 MISEC Z (MARS)
30 I /o.s
0.3
zo _I o.z
_/ I 0. I
_ //I o.os
I0
 oo3_ 0. oz
3 / /--"_/
l
I 2 3 4 5 I0 20 30 40 50 I00
DIAMETER D, METERS
Figure Z-4. MAXIMUM VELOCITY AT THE TOP OF A DUST
DEVIL AS A FUNCTION OF ITS DIAMETER
2-17
where V
max
V = y RT 2 . Pc
max o
•_ Maximum tangential velocity
¥ ....The ratio of specific heat at constant pressure to that at constant
volume
R C_s constant for the atmosphere
Pc - Surface pressure at the center of the vortex (central pressure)
Po - Surface pressure at a distance where the wind velocities are nil
(surrounding pressure)
k = Poisson constant = (Cp - Cv)/C p
T := Surface temperature.
O
(9) _"
Tang obtained a maximum surface wind velocity of 114 m/sec in the vortex
of a Martian tornado when assuming a surface pressure of 25 mb and a pressure
drop to the center of the vortex of 2 mb. It was concluded from this that a
slight disturbance on Mars can cause a severe storm.
2.3 SIGNIFICANCE OF EOLIAN SURFACE FEATURES
Interpretation of present or past climatic conditions from eolian surface
features is common in geological analysis and should be applicable to a better
understanding of the Martian and other planetary atmospheres. Numerous studies
have been made concerning conditions and factors entering into the formulation
of ripples, dunes, sand sheets, and other related eolian phenomena. Again, as
in the physics of particle movement, comprehensive studies of these problems
should consist of theoretical, experimental, and field approaches.
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Sand ripples have interested scientists for many years and explanations
for their existence and physical characteristics are controversial. Early
attempts assumed that the formation of eolian and fluvial sand ripples were
analogous. The results of experiments showed that the similarities between
the two types of ripples are superficial, and fundamental differences exist
in the processes and conditions under which they are formed.
Bagnold (ref. 2-1) recognized that combinations of a number of factors
were responsible for eolian sand ripples. These were: wind, saltation, size
of surface grains, surface relief, and the state of sand movement (erosional
or depositional phases). These factors are mutually interactive and therefore
underlie the numerous interpretations of the ripple phenomena.
Recent work by Sharp (ref. 2-17) concludes that ripple dimensions (height,
wave length, and index) are controlled by the size of grains traveling by
surface creep and wind velocity. He found that the degree of asymmetry of
individual sand ripples varies inversely with wind velocity and directly
with grain size. Of particular interest were Sharp's observations of the rate
of movement of ripples. Under wind velocities ranging from 16 to 40 mph,
ripples were observed to move at velocities of 0.35 to 3.2 inches per minute.
By observing the rate of movement of a particular ripple, the wind direction
can be determined; and wind velocity and ripple particle size can be calculated
if values are known for one of them. The possibility of applying this approach
to observations made from a Mars surface lander is intriguing.
Of the large-scale eolian features, sand dunes are the most valuable
in determining present climatic conditions. Their shapes, sizes, and rates
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of movementare indicative of wind direction and velocity. Careful analysis
of aerial photographs of sand dunes not only can supply information concerning
the winds that formed the dunes, but may also indicate the characteristics of
the material composing the dunes.
The classical dune shapes develop best in desert regions where wind direction
and velocity are the primary controlling factors. Dunes also develop in
riverine and coastal areas where other factors enter into their forms. For
example, the characteristics of rlverine and coastal dunes are greatly influenced
by moisture and vegetation which contribute to confused forms. Most dunes,
however, are complex features and may occur alone or in groups.
The barchans and self dunes common to desert regions are perhaps the best
known eolian features. The shapes of barchans and self dunes are illustrated in
Figure 2-5. The arrows in the illustration indicate the relative velocities
and directions of the shaping winds.
The barchan, for example, is indicative of a moderate wind with a nearly
constant direction. The well-developed barchan is a crescent-shaped feature
with the horns trailing off downwind. These dunes are usually migratory and
range in size from a few meters to 90 meters in height and up to 400 meters
across. Rates of movements as high as 50 feet per year have been measured.
Bagnold, using his wind tunnel experiments as a baslsp formulated the following
equation for predicting the forward movement of barchans:
c = R_ (i0)
yH
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where:
C = Displacement (m/hr)
¥ =-Bulk specific gravity of the sand (tons/m 3)
H ' lleight of the dune (m)
q Rate of sand transportation by the wind (metric tons/line_Ir meter/hr).
The rate of sand transportation (q) is defined as:
q ....1.5 x lO'9(v - Vt)3 (ii)
where:
v Effective wind velocity at heights z(m/sec)
V _: Threshold velocity (m/see).
t
The results of field studies have generally confirmed the validity of Bagnold's
equations. A striking example was the result of field studies made in Peru by
Finkel (ref. 2-18). A comparison by Finkel of the measured annual barcb_n
displacement and the predicted displacement by the Bagnold theory is sho_ in
Figure 2-6.
Self dunes, shown in the simplified form in Figure 2-5, are relatively
large surface features. The largest extend for hundreds of miles and may reach
heights as great as 200 meters. The dunes line up approximately parallel to
the prevailing wind and therefore are often referred to as longitudinal dunes.
The wind directions shown in Figure 2-5 reflect Bagno]d's concept of the growLh
of self dunes. He maintained that two winds were involw_d in the form_it[on oL
the dunes. A prevailing gentle wind parallel to the trend of the seif cb_in is
responsible for the lengthening of the chain. Sand-bearing storm winds blowing
out of a single quarter controlled the height and width of the dunes.
m _
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Assuming the availability of source material and the presence of high-
velocity winds, it appears reasonable that barchan, seif, and complex dunes
exist on Mars. Analysis of photographs of Mars obtained by spacecraft could
supply valuable information concerning the direction and velocity of surface
winds. Experimental studies, under Martian and terrestrial envirolmlellta[
conditions, would improve our knowledge of the physics of eolian processes
and should greatly improve the accuracy of photographic interpretations of the
Martian surface as an indication of climatic conditions.
2.4 SIMULATION FACILITIES
Simulation experiments are a necessary part of any comprehensive study of
eolian processes. The results of analysis of eolian processes and the problem
of interpreting eolian landforms indicate that two types of simulation facilities
would be desirable: a horizontal wind facility capable of simulating both
terrestrial and Martian environments for studying the acquisition, transportation,
and deposition of rock fragments; and a facility for simulating terrestrial and
Martian dust devils.
2.4.1 Horizontal Wind Facilities
Before the problem of Martian eolian processes can be approached with
confidence, it is necessary to increase our knowledge of eolian processes on
Earth. Investigators, particularly Bagnold, have shown the feasibility of wind
tunnel experiments from both a scientific and engineerillg point of view when the
experiments are coupled with both theoretical and field studies.
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In recent years the advancements in simulation technology and measuring
techniques make it possible to improve the accuracy and to expand the scope of
earlier studies to include a large variety of samples (density, size, shape,
etc., of particles) and environmental conditions.
Little simulation work has been performed to date in the study of Martian
eolian processes; however, some preliminary simulation was performed by Hertzler,
et al., (ref. 2-19). These studies were concerned mainly with threshold velocities
required to pick up various types of dust, and with the resulting abrasion on
some selected surface coatings. However, the facilities used did not permit
adequate studies to fully define the flow field. The velocity gradients, du/dz,
were not determined, nor were the particular density profiles. In fact, the flow
bed was not long enough to determine whether the flow was fully developed and no
mention was made of the surface boundary layer. A longer flow bed also would
have permitted (at least qualitatively) an investigation of the particle saltation,
surface creep, rate of particle movement, and small-scale surface features.
2.4.1.1 Terrestrial Wind Simulation Facility. The design requirements of a
facility to simulate terrestrial dust storms must be considered first. The
physical requirements are far easier to meet in the case of a terrestrial dust
storm simulator because the facility may be exhausted directly to the atmosphere.
The major design parameters may be listed as follows:
• Flow medium -- air
• Static pressure -- I atmosphere
• Wind velocity -- 0 - i00 km/hr
• Test bed temperature -- 240 - 328'_K
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• Air (wind) temperature -- 240 - 328°K
• Air (wind) relative humidity -- _ 0-100%
• Test section area -- 122 cmx 122 cm
• Test section length -- 12.2m(minimum)
• Particle sizes -- > I_ .
The suggested facility size is basedonly on preliminary estimates.
Final design size would be basedon considerations of the boundary layer thick-
ness, attainment of fully developed flow, and, of course, considerations of the
overall facility cost. The terrestrial wind simulation facility would be much
simpler to design, fabricate, and operate. This is becausethere is no require-
ment for vacuumpressures or for recovery of the flow medium. The suggestedmajor
componentsof the facility maybe listed as follows:
• Flow conditioning system (including filtration, heating or cooling,
and humidification or dehumidification)
• Axial flow fan
• Flow straightening section
• Test bed section (including heating or cooling systems, and monitoring
instrumentation).
2.4.1.2 Martian Wind Simulation Facilitx. Ranges of the design rc_,uirements
for a facility to simulate Martian dust storms may be listed as follows:
• Flow medium - CO 2 and N 2
• Static pressure - 4 - 25 mb
• Wind velocity - 0 - 200 km/hr
• Particle sizes- _ i_i
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• Test bed temperature -
• Flow mediumtemperature -
• Test section area -
• Test section length -
175 - 300°K
175 - 300°K
122cmx 122 cm
12.2mminimum.
The ran_es of requirements were acquired through a review of tile latest
analytical efforts on the subject. The cost of vacuum pumping equipment capable
of handling the required flows may largely dictate facility size. Added to this
problem is the increased boundary layer thicknesses that would be experienced by
this facility over the facility required to simulate terrestrial dust storms.
The problems involved with construction of a Martian wind simulation facility
include at least the following:
• Facility must withstand vacuum pressure
• Vacuum pumping system must maintain a relatively large mass flow rate
for extended periods of time
• Test section must be large enough to compensate for boundary layer
growth
• A pumping system may be required for the recovery and recompression of
the special flow medium.
Thus, it is obvious that the design requirements for a facility to simulate
the Martian surface winds are far more stringent than the terrestrial simulator.
2.4.1.3 Re_Luired Measurements. In order to specify completely the conditions
at any position in the facility, it is necessary to determine the local velocity,
static pressure, temperature, Reynolds number, and particulate density (concen-
tration of the small particles entrained in the flow). These conditions may be
specified by obtaining the following measurements:
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• Freestream static pressure, p
• Stagnation pressure, Po
• Stagnation temperature, To
• Sand flow, q
• Particulate density, 0p"
Measurementsof the pressures and temperature mayprobably be madewith little
difficulty by conventional instrumentation (except for the contaminating influence
of the dust particles). Determination of the particulate density will be
decidedly moredifficult. It maybe necessary to use flow visualization techniques
to obtain useful particulate density profiles. Somemethodsof determining the
particulate densities are listed as follows:
• High-speedmotion pictures
• Shadowgraph
• Rakeprobe.
The hlgh-speed motion pictures, shadowgraph,and similar flow visu-
alization techniques mayprovide useful information, but will probably give only
qualitative results. The rake probe is a possibility for obtaining density pro-
files of a morequantitative nature. The device shownin Figure 2-7 is only a
tentative suggestion and no device of a similar nature has been reviewed in the
literature. The idealized systemshownin Figure 2-7 is not to be considered
as a representation of the actual particle density profiles. However, it is
believed that a simple rake, suchas shown, could be very useful to the study.
Sizing of the probe orifice and screen meshwill dependon the particle grain
size, flow stream velocity, and pumpingrate of the probe rake system.
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4Determination of the remaining flow parameters will involve the use of
conventional instrumentation. Entrainment of dust particles will cause some
changes in the flow parameters, and measurements of these effects are expected to
be relatively difficult for low entrainment rates. High entrainment rates may
cause larger changes in the flow field, but will be more difficult to measure
due to the abrasive and clogging action of the dust.
2.4.2 Dust Devil Simulation Facilitz
It appears that an effort should be made toward improving the theoretical
analysis of dust devils before the design of a simulation facility, which
follows from theory, is undertaken. To accomplish this, the following effects
should be included in Neubauer's analysis:
• Surface friction
• Influence of the dust content of the air on the dynamics of the dust devil
• Decrease of air density with height.
In addition, Neubauer assumed the major constituent of the Martian at-
mosphere to be nitrogen rather than the recently accepted carbon dioxide. Thus,
Neubauer's analysis should be updated to reflect the latest generally accepted
values. It is suggested that the above improvements to the theory be made and
that they be tested against terrestri_l small-scale cyclones and against subse-
quent laboratory simulations.
A facility to simulate terrestrial and Martian small-scale cyclonic
disturbances (dust devils) would be considerably different from the conventional
low-speed wind tunnels used to create horizontal wind velocities. The maximum
D
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Ivelocities to be attained at the top ofthe facility would be in the range of I0
to 60 m/sec or possibly higher, depending on the grain (particle) diameter and
density of the flow medium (ref. 2-20). The mass flow rate of the facility will
be small relative to the facility simulating horizontal winds. A conceptual
design of such a facility is shown in Figures 2-8 and 2-9.
The facility would be constructed with its flow channel mounted in a
vertical position to allow the natural and induced convection to create the re-
quired flow patterns. The heat required to warm the base of the facility (sim-
ulating the soil surface) could be provided by resistance heaters located in the
base, or by quartz lamps directed at the base from above. Resistance heaters
in the base would be far simpler. One method of inducing the cyclonic motion of
the outer flow layer (simulating the outer perimeter of the disturbance) could be
accomplished by forced convection from mass addition through a series of jets
mounted to introduce the flow tangentially. In another method, the mass addition
would take place through very-low-speed jets and the cyclonic motion would be
created by fans (possibly of the centrifugal type) located on the outer perimeter
of the facility. The latter method would be used only if the required velocities
could not be attained by the tangentially mounted jets.
Parametric design studies would have to be performed to establish the
size of the facility. It is hoped that the same facility used to simulate the
terrestrial dust devils could be used to simulate the Martian dust devils.
This may be possible, but it should be pointed out that the terrestrial simulation
facility using air as a flow medium could use a large, relatively low-speed fan
exhausting to the atmosphere. The Martian simulation facility would not be
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Inearly as simple. Attainment of the correct static pressure would require
inducing a vacuum to the level of approximately 5 to 7 mb by means of steam
ejectors or similar pumps. In addition, an economical means of reclaiming the
flow of gaseous carbon dioxide may be necessary. The low static pressure
of the Martian facility would require much heavier construction than would
the facility for terrestrial simulation.
Several of the major difficulties in simulating the terrestrial and
Martian dust devils are listed and discussed as follows:
Q
i. Attainment of Cyclonic Motion - Analytical prediction of the cyclonic
motion may be very difficult. However, use of data obtained from
observed terrestrial dust devils should aid facility design.
2. Inability to Simulate the Reduced Gravity of Mars - Experimental data
obtained in the simulation facilities must be corrected for the
reduced gravity of Mars using suitable scaling parameters (such as
the Grashof number). This will reduce the effectiveness of direct
observations, but should not greatly affect the validity of the
results.
3. Inability to Adequately Simulate the Temperature and Pressure Profiles
on Mars - This problem can be overcome in part by using forced
convection thus creating at least a small pressure and temperature gradie_t.
4. The Martian Dust Devil Simulator Will Require Heavy Construction - This
problem is also true of the Martian horizontal wind simulation facility.
The construction of such a facility would require close adherence to
the ASME code for unfired pressure vessels. However, construction re-
quirements of this facility will be no more severe than for any large
altitude chamber.
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mSECTION III
DISSOCIATION AND ABSORPTION OF
MOLECULARCONSTITUENTS OF THE MARTIAN ATMOSPHERE
3.1 SOLAR RADIATIONS ATOP THE M.%RTIAN A]_OSPHERE
Solar radiation is the principal source of energy input to the Martian
atmosphere. The solar electromagnetic radiation is expected to have the same
spectral distribution at the top of the Martian atmosphere as at the top of
the Earthls atmosphere since the spectral character of this radiation does
not change in traveling from the Sun to any of the planets. However, due to
Mars being farther from the Sun than Earth, the solar electromagnetic radiation
intensity reaching Mars averages only 43 percent of that reaching the Earth.
Absorption of this radiation by the gases in the upper atmosphere produces
dissociation, excitation, ionization, and other aeronomical processes. The
main cause of these processes is absorption of extreme ultraviolet (XUV)
radiation. Corpuscular radiations do not play a significant role in the
EarthWs aeronomy since the Earth's magnetic field deflects most of these
away; however, due to the weakness of the Martian msgnetic field, corpuscular
radiations may penetrate deeply into the Martian atmosphere and undergo
absorption, thus affecting the aeronomy of Mars. Relevant properties of the
solar electromagnetic and corpuscular radiations are summarized below.
o o
The solar XUV radiation flux for wavelengths from 1775A to IA, incident
on the top of the Earth's atmosphere, have been tabulated by Hinteregger et al.
(ref. 3-1). The tabulation is in terms of total flux in spectrum intervals of
o
50A, except around emission lines, vs total and ionization cross sections of
o o
O, 02, and N2, for radiation in each interval. From 1300A to 250A, measurements
3-1
were made with a photoelectric scanning monochrometer employing a diffraction
grating at grazing incidence. Quiet solar conditions are represented and
o o
errors are estimated_at less than 30 percent. Data between 310_ to 56A are
based on a rocket experiment, and are probably correct within a factor of 2
O
above 150A; but could be off as much as a factor of 3-5 toward shorter wave-
o
lengths. The data below 55Awereobtained through the work of Friedman (ref. 3-2)
and Tousey (ref. 3-3) in x-ray photometry. All flux data listed are corrected
for the absorption of the atmosphere gas except for those wavelengths where
absorption is known to be negligible.
This represents the best present knowledge of the distribution of solar
XUV radiation. Considerable effort is being expended in improving it and
results can be expected apace. These results, of course, pertain directly
to the case of Mars since the intensity of radiation varies according to the
inverse square law and the distribution remains unchanged as one passes from
Earth to Mars.
Corpuscular radiation consists of galactic cosmic radiations and solar
cosmic radiations. In the case of galactic cosmic radiations, 85 percent are
protons, 14 percent are alpha particles, and about i percent are nuclei of
elements from Li to Fe. The integrated yearly flux is 47 x 107 protons/cm 2
with energy range from 40 Mev to 1013 Mev (predominant range 103 107 Mev).
In the solar cosmic radiation, there are protons and alpha particles. The
integrated yearly flux is 3 x 109 protons/cm 2 with energy around 30 Mev and
45 x 108 protons/cm 2 with energy around i00 Mev (ref. 3-4).
3.2 CONSTITUENTS OF THE M_RTIAN ATMOSPHERE
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t3.2.1 Spectroscopic Findings
The existence and abundance of carbon dioxide has been well established
by ground-based spectroscopic and interferometric measurements. Table 3-1 gives
the measurements by various investigators (ref. 3-5). The spectral lines used by
o
the investigators listed in Table 3-1 were the very weak rotational band at 8689A
o
and the medium strength rotational band at I0,488A; both are weak-line spectra.
Since the equivalent width of the line for a weak absorption band is proportion-
al to the total abundance of the absorbing meditun, this measurement gives the
total abundance and the partial pressure of the carbon dioxide in the Martian
atmosphere.
The Martian surface pressure estimates are based on the total pressure
broadening of the carbon dioxide vibrational spectrum bands. The absorption
spectrum bands result from the absorption of light at frequencies which excite
transitions from one molecular vibration energy state of CO 2 to one of a
higher energy. The degree of saturation of a single line and the equivalent
width of a band are determined by the total effective pressure.
The equivalent width of a single line will vary in one of the following
ways: (a) linearly with the effective pressure for weak lines in the band,
(b) as the square root of the pressure for strong unsaturated lines, or (c)
become independent of the pressure as saturation becomes complete. Measure-
ments on CO 2 strong absorption lines made by G. Kuiper in 1962 and 1963
(ref. 3-6) give minimum and maximum pressures and abundances based on his
measurements of the 1.57 and 1.6 micron lines. These measurements gave
minimum and maximum surface pressures of 4.2 mb and 6.7 mb, respectively;
for abundance the results were a minimum of 57 m-arm and a maximum of 90 m-atm.
3-3
In addition, isotopic absorption band spectra of C130216 and C12016018have
been observed (ref. 3-6); thus the isotopes C13 and 018 are present in addition
to the moreabundant isotopes C12 and 016.
q_
A numberof deliberate attempts have beenmadeto detect water-vapor,
nitrogen, and argon through spectroscopic methodsor balloon observations.
Although not all such experiments were successful, someresults worth noting
have been obtained (Table 3-2). Since nitrogen and argon do not have strong
absorption lines in the infrared region, these spectroscopic measurementsdo
not indicate whether or not they are present.
Table 3-1. TOTALCO2 ABUNDANCEESTIMATES
(ground-based spectroscopic data,
weak-llne spectra)
Investigators
Kaplan, Munch& Spinrad (1963)(ref. 3-8)
Spinrad & Schorn (ref. 3-9)(1965 opposition)
Owen(ref. 3-10)
(1965 opposition)
Hunten& Belton (ref. 3-11)
(1965 opposition)
CO2 band
O
8,689A
O
8,689_
O
8,689_
I0,488A
O
I0,488A
C02 abunda
at STP(w) for
TMars_200 °
m-atm.
55 I 2
90 -_ 2
65 I 2
681[;
*P = 0.074 w mb/m/atm
CO 2
3-4
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Table 3-2.
Observer(s)
Weaver
Dollfus
Spinrad, Munch
& Kaplan
WATER CONTENT IN THE M kRTIAN ATMOSPHERE (refs. 6, 7)
Year
1963
1963-4
1963
Water-Vapor
Content
<40u
150u
(14Z7)P
Remarks
from a balloon
narrow-band
filter photo-
metry
Mt. Wilson
lO0-inch coude
spectrograph
The following are gases which, although not detected, can conceivably
be present in the Martian atmosphere: CO, CH4, NH3, H2S , N20 , NO, COC12,
HCHO, COS, NO2, etc.
CO
CH 4 <0.04 cm-atm
NH 3 <0.01 cm-atm
N20 <0.08 cm-atm
NO <20 cm-atm
H2S <7.5 cm-atm
COCI 2 not available
HCHO <0.3 cm-atm
COS <0.2 cm-atm
N02 <8 u -arm
H20 <I. cm-atm
03 <0.05 cm-atm
S02 <0.003 cm-atm
The upper limit values are as follows (ref. 3-4).
<I cm-atm, STP (in a vertical col_nn on Mars)
(tests of questionable sensitivity)
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tBecause telluric 02 lines are quite strong and broad, making the detection
of any weak Martian components very difficult with photographic techniques,
molecular 02 has not been observed. An upper limit to the Martian 02 content
of <70 cm-atm has been set by the analysis of Kaplan et al. (ref. 3-8).
3.2.2 Achievements of Mariner IV Occultation Experiments
The occultation made by the Mariner IV flyby of Mars on 15 July 1965
has greatly expanded our knowledge of Mars and its atmosphere. The highlights
of the event and its findings are given in Table 3-3.
The electron density profiles above the Martian surface derived from the
occultation experiment have been made by several authors. Figure 3-1 was made
by Fjeldbo et al. (ref. 3-16) based on the JPL occultation team immersion model
of Martian atmosphere described in Table 3-3.
Other important findings were as follows:
Mass of Mars, CMs/GMm _ 3,088,000 (ref. 3-18)
Cravitational Constant, GM = 42977.8 km3/sec 2 (ref. 3-18)
m
Static magnetic field is 0.001 times that of Earth (ref. 3-18).
Based on the present knowledge of the Martian environment, three models
for Martian atmosphere have been developed by MSFC, NASA, based on the
assumptions of hydrostatic equilibrium and a perfect gas law among the
thermodynamic quantities. The models, called "mean", "minimum", and "maximum",
are each generated from a given temperature profile, molecular weight profile,
and surface pressure. The appropriate details are given in reference 3-18.
3.3 AERONOMIC PROCESSES IN THE MARTIAN UPPER ATMOSPHERE
The dissociation, excitation, and ionization produced by the absorption
d %
qL _
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Table 3-3. OBSERVEDDATAFROMIMMERSIONANDEMERSION
OFOCCULTATION(refs. 3-12, 3-13, and 3-14)
Location
Time (local)
Solar zenith angle, X
Surface refractivity I (N)
Surface scale height2, km
Radius 3 , k_
Ionospheric characteristics:
Maximum electron density
Ionosphere 4, el/cm 3
Altitude of maximum, km
Electron scale helgh_
above maximum, km
Temperature
Imersion Emersion
Electris/Mar Chronium
50.5°S, 177°E
1300, later winter
Mare Acidalium
60°N, 34°W
0030, later
summer
67 °
3.6 + 0.2
9+1
n
3384 _ 3
at 02h31m/l.2SGMT
(9.0 + 1.0)xlO 4
123 + 3
22+3
104 °
4.2 + 0.3
12_ 1
3379 _ 4
at 03h25mg. 5SGNT
.: 4 x i03
<200°K at 100-200 km
lo
2.
1
4.
Average for U.S., ~313 N (ref. 3-15).
Average for U.S., ~7 km (ref. 3-15). The scale heights observed on Mars
show no obvious change with altitude up to 30 km.
From the mass center of Mars.
o 5 3
Maximum electron density at ×= 0 , 1.5 x i0 el/on total electron contents
at X = 67 ° , _ x I0 II electrons/cm z. Total electron content at × == 0 °, 7 x i0
electrons/cm 2. Maximum electron density for Earth at X == 0 ° is 106 el/cm3;
and total electron content at X = 0 ° is 1013 electrons/cm2 (ref. 3-14).
5. Appears to be independent of altitude to approximately 250 km.
Ii
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Figure 3-I. ELECTRON CONCENTRATION VS. ALTITUDE
IN MARTIAN ATMOSPHERE
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of solar radiation by the Martian atmosphere results in various kinds of
recombination processes among the constituents. Such aeronomical processes
characterize the Martian upper atmosphere and ionosphere. The study of
the Martian atmosphere and ionosphere is necessarily based upon the limited
knowledge gained from Mars space probes and Earth-based spectroscopic measure-
ments; models of the Martian atmosphere then are constructed by extrapolation
and analogy from our understanding of the Earthls atmosphere.
Chamberlain (ref. 3-19) has discussed the layers of Martian atmosphere
in which the princip_l events happen. Starting from the surface and pro-
ceeding upward, we have the troposphere, mesosphere (same as for the Earth),
layer of vibrational relaxation, C02 dissociation,(photochemical equilibrium
in a layer 70 to 80 km above the Martian surface, ref. 3-16), ionosphere
(with peak at 123 _ 3 km and electron density (9.0 _ 1.0 x 104 electrons/cm3),
and finally outer space.
3.3.1 Dissociation of Martian Upper Atmosphere by Solar Schumann-Runge Continuum
The dissociation of Martian atmospheric components is caused primarily
o
by the Schumann-Runge continuum of solar XUV radiation (1350-1750A) and takes
place at the bottom of the ionosphere. N2, a possib]e atmospheric coustitucnt of
Mars, is inactive in this respect because of its low dissociation cross section
(<10 -22 cm2). C02, on the other hand, has a maximum cross section of 4.4 x 1019
0 0 0
cm at 1495A, absorbing XIN radiation from 1690A to 1250_, to dissociate into
CO and O. The CO and 0 can recombine by three-body collision to form C02,
but a pair of 0 atoms can combine to form 02 . The reaction rate of the latter
process is 103 times larger than that of the former. The relative amounts of
the two molecules will be commensurate with these reaction rates.
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Further, 02 dissociates into 0 atomsby the absorption of XUVradiation of
a wavelength range extending nearly over that of the radiation absorbed by C02.
Themaximumdissociation cross section of 02 is 1.85 x 10 "17 2 ocm at 1450A. This
is about 40 times larger than that of C02, and, therefore, the ultraviolet
radiation may be absorbed mainly by the reaction product 02, effectively
shielding the C02 from dissociation. Other chemicals can be neglected because
of their large activation energies. N 2 and other photochemically inactive
species m_y take part in the processes only as third bodies (ref. 3-7). Then
the reactions in the Martian upper atmosphere, denoting the third body by Z I
(it may be C02, CO, O, or N2) , are as follows:
,%
CO 2 + hv -_ CO + 0
CO + 0 + Z. ÷ C02 + Z.l l
02 + hv -_ 0 + 0
0 + 0 + Z i _ 02 + Z i
(Dissociation)
(Association)
(Dissociation)
(Association).
All this amounts to a qualitative description of the phenomena to be
expected iu the Martian upper atmosphere. In order to put it into quantitative,
mathematical terms, one turns to the work of Shimizu (ref. 3-7). Assuming
photochemical equilibrium and neglecting the diffusion, the equations governing
the gas densities are:
¥1[C02] = [CO][O] >: ali[Zi] (1)
i
Y2[02 ] = "-|0] 2 E _ [Z ] (2)2i i
i
where I I means the density of each species and y is the function of height
J
defined by
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Q_j
4,
I
¥j
= J Jh(t)_j(_)d_ (j=l,2).
Jh(_) is the intensity of solar XLW radiation at height h, and the quantities
o 1 and _2 are the dissociation cross sections of CO 2 and 02, respectively. The
dependence of _1 on the wavelength is quite similar to that of _2" The
quantities _li and '_2i are the third-body recombination rates corresponding to
the association equations above. The relative yields obtained experimentally are
a02: aC02: c_N2: aCO: s 0 = 1.0: 1.0: 0.6: 0.6: 0.I
(3)
The neglect of the gas diffusion gives the subsidiary conditions
= [co 2] + [co]
= [c0]/2 + [0]/2 + [co 2] + [0 2 ] (4)
where _ is the ratio of the concentration of C0 2 to that of the total gas
before irradiation.
The dissociation of the Martian upper atmosphere may then be determined
by calculating the absorption of the XUV radiation downward, and solving
equations (I) through (4) at every altitude by an iterative method with the
possible change of parameters. Results of such calculations performed by
Shimizu (ref. 3-7) are given in Table 3-4.
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Table 3-4.
Model
Mariner IV
_MS
(standard)
(ref. 3-8)
CALCULATED VALUES OF DISSOCIATION LAYERS OF MERTIAN ATMOSPHERE
T(°K)
170
160
P(mb)
25
C02%
50
16
H(km)
I0
12.4
Height of
dissoc, layer
above surface
(km)
105
155
Amount
of CO
(cm STP)
0.3
0.2
KMS (low) 160 i0 60 12.4 125 0.3
%
a
_m
The calculated value obtained for CO content is 0.2 ~ 0.3 cm STP. However,
observations made by Kuiper on the vibration-rotational overtone band of this
molecule at 2.35v give the upper limit as i cm STP. A more recently observed
result by Moros, as referenced by Shimizu (ref. 3-7) gives it as 1.5 cm STP.
Both are larger than the computed value.
3.3.2 lonic Properties of the Martian lonosphere
The spectroscopic findings combined with the Mariner IV occultation
experiment indicate that the lower atmosphere of Mars may be mostly CO 2.
Some investigators also claimed to have observed the H20 absorption lines.
CO 2 may not be the only gas on Mars; other gases such as nitrogen and ar_on
may be present in significant quantities. These particular gases have not
been shown experimentally to exist on Mars, but rather were chosen by analogy
with their presence in the terrestrial atmosphere.
Because of the dissociation just discussed, the CO 2 in the lower atmosphL_re
will inevitably associate with 0, 02 , CO 2, CO, and C in the upper atmosphere, at
and above the altitude where the photochemistry of CO 2 is important. Further,
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if N2 and A are present in the lower atmospherethey, as well as N and N_must
also be present in the upper atmosphere,although the concentrations of N, C,
and NOwill certainly be orders of magnitude smaller than the major constituents.
The production of ions in the Martian ionosphere can be generalized as
follows: The initial production of ion-electron pairs by solar ultra-violet
and x-ray radiation results in ions corresponding to each of the neutral species.
Someof these ions interact chemically with neutral atomsand molecules to form
new ions. Molecular ions eventually recombinewith electrons to form neutral
molecules (refs. 3-20 and 3-21). For example, in the Earth's atmosphere,N2, by
O _
the
absorption of radiation of 798A, produces N 2 and e . The N2 thus produced
may react upon collision with N, 02, or 0 to produce N 2 and N f, N 2 and 02,' or
N 2 and 0 +. Atomic oxygen (0 +) ions are not only produced by solar radiation,
+
but also chemically when N 2 collides and exchanges charge with a neutral oxygen
atom. Molecular oxygen ions (0;) are produced by two chemical processes in
addition to production by direct photoionization. Reacting with molecular
nitrogen (0+), produces NO +, a major ionospheric ion. The processes can be
visualized easily from Figure 3-2_ which shows the ionic reactions of
nitrogen and oxygen, generally recognized as important in the terrestria]
ionosphere.
The ionization potentials and their corresponding photon wavelengths
of possible Martian atmospheric constituents are given in Table 3-5. It can
be seen from the table that the ionization potentials for possible Martian
atmospheric constituents are high. The ionizing radiations have shorter wave-
lengths than those in the Schumann-Runge continuum. The absorption cross
sections and ionization cross sections of 0, 02, and N 2 are given in reference
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Table 3-5. THE IONIZATION POTENTIALS AND THEIR
CORRESPONDING PHOTON WAVELENGTHS OF
POSSIBLE M_RTIAN ATMOSPHERE
CONSTITUENTS (ref. 3-23)
Constituent
CO 2
N 2
N
NO
NO 2
N20
NH 3
H20
O2
0
CO
C
CN
CH 4
I, II,
loni za t ion
' I
• ,,
14.4(861)
15.68(790)
15.51(798)
14.48(856)
9.5(1305)
11.0(1124)
12.9(959)
11.2(11o4)
12.56(985)
12.5(990)
13.55(913)
14.1(877)
11.22(1102)
14(833)
14.5(853) [
i
o
potential (ev) and corresponding photon I(A)
II
27.76(445)
29.47 (420)
i III
40.75(303)
47.40(271)
47.65(266)24.27(510)
IV
61(203)
77(161)
64.22(192.7)
III, IV, V are degrees of ionization.
78(158.5)
97.4(127)
390.1(31.7)
!
J
3-15
3-1. Absorption cross sections and coefficients of the other species in the
table can be found in reference 3-22.
As discussed in the preceding section, dissociation of C02produces
appreciable amountsof 0, 02, and COin the upper atmosphereof M_rs, while
dissociation of N2 into N is minimal. At ionospheric heights, the atmosphere
is so rarefied that diffusion becomesthe fastest process of molecule tr;_ns-
port. Fromconsideration of the resultant diffusive separation, the atomic
oxygen should becomethe principal constituent becauseit is lighter than CO,
N2, 02, Ar, and C02 (ref. 3-16).
Atomic oxygenis ionized by electromagnetic radiation in the wavelength
o
interval 911-I027A (Hinteregger group I), 0 + then becoming the principal ions
in the Martian main ionospheric layer. Thus, the reaction
0 + h v _+ 0 + 4- e
is considered to be the most important for electron production in that layer.
There are many other electron-producing reactions,although they are not
as important to the ionization of atomic oxygen.
are the following (ref. 3-24).
C02 b hv _ C02" 4 e
C02 + h_ _ CO + + 0 4 e
CO 2 + hu * CO CO + + e
Typical examples of the reactions
(molecular ionization, product in
excited state)
(dissociative ionization)
(with preionization)
Compton scattering with soft x-rays
0" _ hv _ 0 P e (photodetachment)
02 ] 02 _ 02 _ 02 I e (collision-type detac_nent)
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In _ttempting to determine the mechanismsof electron loss, one does
well to begin with consideration of processes involving the major constituents.
0+ is the principal ion in the Martian ionosphere, so a possible electron
removingprocess is the radiative recombination of 0+ with an electron:
0++e * 0+hu
However_it has been shownthat the rate coefficient of this process is thou-
sands of times smaller than that of the possible processes of molecular ion
recombination with electrons. The direct recombination process therefore
makesa very minor contribution to the total electron loss rate. The recom-
bination of electron - 0+ pairs instead takes place in a two-step process;
atomic oxygen ions (0+) first undergo reactions with the resultant production
of molecular oxygen ions (02) which in turn combinewith electrons
+
02 + e ÷ 0 2 .
+ 0 +
Production of 02 ions from ions is effected through the following processes:
+
0 + + C02 _ 02 + CO
+
0 + + 02 _ 02 + 0
0 + + N 2 + NO + + N
k I _ 10 -9 cm3/sec
3
k 2 _ I0 -II cm /sec
k 3 i0 - 12 3-_ cm / sec
The first equation of this group is the most important.
The loss of electrons will therefore be dominated by the dissociative
recombination of molecular ions with electrons. These are the reactions given
on the right side of Figure 3-2. Recombination could also occur through the
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attachment of electrons to certain neutral species. Suchattachment could be
collisional in nature, in which the energy of attachment is carried off as
kinetic and internal energy of the final-state particles; or radiative, in
which the energy of.attachment is carried off as a photon. Examplesof these
are:
or
or
e + 02 -_ (02 ) ÷ 0- + 0
(02)* + 02 + 02 + (02 )
(dissociative attacl_ent),
e + C02 + C02 + hv (radiative attachment).
u_
AS to the ion-neutral reactions, Norton (ref. 3-25) has listed eleven
more reactions which might be important in the Martian ionosphere as shown
in Table 3-6.
Table 3-6. ION-NEUTRAL REACTIONS APPROPRIATE
TO MARTIAN IONOSPHERE
(I)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
Reactions Rate Coefficients at 300°K (cm 3 sec-l)
A + 4 C02 -_ A + CO;
A + + CO -_ A + CO +
+
A + + N 2 _ A + N 2
F +
A +02 _A 4 02
N 2 + C02 * N 2 F CO;
i +
N2 i 02 _ N 2 f 02
q
N2 1 0 _ N + NO _
CO + F- CO2 -'- CO + CO_
+
CO i t- 0 2 _ CO _ 0 2
I
C i C02 _ CO i CO +
C t _- 02 :" 0 + CO+
7.4 x i0 -I0
8 x i0 °II
>6 x I0- 12
I.i x i0 -I0
8 x I0 -I0
I x I0 -I0
2.5 x i0 -I0
I.I x 10 -9
2 x I0 -I0
1.8 x 10 -9
I.I x 10 -9
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iThese ion-neutral reactions have, indirectly, a very important bearing on
ionospheric relaxation in that they control relative concentrations of the
various ionic species by "shuffling" them as rapidly as they are formed.
The nature of the ionic species has an important bearing on the rate of
electron recombination and, hence, to electron density profile.
Ion-ion recombinations are also of interest in the ionsophere. They
are basically of two types: two-body and three-body. Typical examples of
two-body recombinations are:
÷ 0_ N_+o2N 2 q ÷
o2_-÷o__o__o2
02+ ÷ 0 +
An example of three-body recombination is
(ion-ion dissociative
recombination).
N 2 + 02 + Z l -_ N 2 + 02 -_ Z.1 '
where Z. is designated for any unspecified third body.
I
The altitude distribution of the different constituents will be determined
by their diffusion rates and by the competition of the various processes
mentioned. Although an exact description cannot be made, a general under-
standing has been reached as a result of the occultation experiment.
In summary_ the principal constituent of the Martian atmosphere in its
entirety is CO 2. This dissociates into CO and 0 at the 70- to 80-km layer
above the Martian surface. The C02, CO, and 0 will distribute in tile upper
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atmosphere by diffusion. O, being the lightest, will occupy a higher
altitude and become the principal constituent of that particular region.
Through the ionization processes, an upper layer with 0+ as the principal
ion is formed. The 0 + loss processes are radiative recombination and
various ion-neutral reactions. Calculations based on equilibrium conditions
together with the temperature value of 80°K and a neutral scale height of
-3
12 km yield an atomic oxygen nL_ber density of approximately 109 cm at
120 km (ref. 3-17).
3.3.3 Solar Corpuscular Flux
In the quest for further information, an approach could be made in
the following way (ref. 3-7). If the atmosphere is isothermal and a o_e-
component system, the penetration depth, h, and the ionization rates of
ionizing radiation and charged particles, q, may be estimated as follows.
For solar fluxes
n(h) c_H - i ,
q " I_o _n ,
where n(h) is the atmospheric density at the height h, c_ is the ionization
cross section, H is the scale height, and I the intensity of radiation at
oo
the top of the atmosphere. For radiation
al_d for charged particles
dE
n(h) dxx H " E°
F,,,(dE/dx)
q _ n
W
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where dE/dx is the energy loss of the flux per unit distance passed through
the atmosphere, E the initial energy of the particles, F the particle flux,
O ,x_
and W the energy necessary to make an ion pair. The calculation indicates
that the effect of the solar corpuscular flux is not negligible compared with
the solar XUV radiation in ionizing the atmosphere.
3.4 SIMULATION STUDY OF MARTIAN ATMOSPHERIC COMPOSITION
Our knowledge of the composition of the Martian atmosphere obtained from
ground-based observations has been derived primarily from spectrograms
taken of Mars. Interpretation of the spectrograms was guided by our under-
standing of their analogy with spectrograms of the terrestrial atmosphere
and comparison with laboratory simulation experiments. The essence of the
laboratory simulation experiments is to make an artificial M_rtlan atmosphere,
produce its absorption spectrum, and compare this spectrum with that actually
taken of Mars. The constituents of the artificial Martian atmosphere are
placed in an absorption tube with a solar (or selected) radiation source at
one end and an infrared spectrograph at the other• By varying the constituents
of the artificial Martian atmosphere, as well as its physical conditions
(temperature, pressure, and path length), a variety of spectrograms can be
obtained. Comparison of those spectrograms with those actually taken of
Mars will show how close the artificial Martian atmosphere is to the real one.
In earlier laboratory work, absorption tubes of high pressure (up to 50 atm)
and long path (up to 45 meters) were used. However, because of the high
pressure broadening of the spectral lines, a reliable gas content could not
be obtained (ref. 3-26).
The success of the art of simulation, as we have seen, depends
primarily on our ability to create an artificial Martian atmosphere which
is as close as possible to the real Martian atmosphere.
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The first consideration is that the observedMartian spectra are a
blend of a solar, telluric, and Martian absorptions. The simulation of
these spectra would best be madeby channeling natural sunlight, received
through the Earthls atmosphere, through the absorption tube that simulates
the Martian atmosphere, although one cannot reproduce in this way the
apparent radial velocity of the planet (ref. 3-27).
Secondly, the artificial Martian atmospherein the absorption tube
is madeup so that the composition, pressure, temperature, and path length
are sufficiently close to the actual Martian atmosphereand at its observed
conditions. The composition and temperature of the mixture will be chosen
from a given Martian atmospheremodel. The partial pressure of each
constituent times the path length is its abundance,and is chosenfrom
observed data.
The gas pressure in the absorption tube, to achieve simulation, must
be consistent with the pressure exerted by a unit columnof such gas mixture
transferred to the surface of the planet. Theappropriate relation is
furnished by the Curtis-Godson approximation, which states that the mean
pressure along the absorbing path in a planetary atmosphereis equal to
one-half the surface pressure (ref. 3-28). Thus, for example, with a CO2
abundanceof 55 m-atmand a maximumsurface pressure of 5.2 mb, the CO2
prc_ssurein the absorption tube is 2.6 mband the required p_th len_th, _ ,
of the absorption tube will be
55
5.2/2/1000 • 21,200 meters.
This path length is typical of the requirement for simulation. This
did not seemfeasible until 1942, whenJ. U. White (ref. 3-29) developed a
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multiple-reflection-type absorption tube which could provide, in a reasonably
short tube, an absorbing path comparable to the solar spectrum in the
Martian atmosphere. An absorption tube used in the Yerkes Observatory,
University of Chicago, is depicted in Figure 3-3. In this apparatus, there
are three spherical, concave mirrors of equal radius of curvature. Two of
these, A and B, are cut from one circular mirror, as shown in Figure 3-3b,
and are mounted at one end of the tube; the third, C, shaped as indicated in
Figure 3-3c, is mounted at the other end at a distance equal to the radius of
curvature. Light from an automobile headlight bulb, or, for ultraviolet
work, light from a hydrogen discharge tube, is focused on an entrance slit
at 0 in Figure 3-3a and 3-3c. From there, the light falls on the two mirrors,
A and B, which form Images of the slit at I and -i, respectively, the latter
being discarded. The mirror C is so adjusted that the light from A received
at i is reflected to B. With proper adjustment, A is imaged on B, and no
light is lost except for reflection losses. The mirror B then forms an image
of I at 2, whereupon the light is reflected to A, and so on, until the light
emerges at 8 after having traversed the space between the mirrors sixteen
times. By turning mirror A, small increments about an axis perpendicular to
the plane of the paper in Figure 3-3a, the number of images on mirror C can
be readily changed. Using this system with a small glass tube 5 cm in
diameter with mirrors of 150-cm radius of curvature, we can obtain a path
length of 60 meters. With a metal pipe I0 inches in diameter and mirrors of
22-meters radius of curvature, a path length of 5500 meters can be obtained.
The limit to the number of traversals is set by the reflection losses and
by the number of images that can be accommodated on mirror C. If the latter
presents no difficulty, the number of traversals through the tube that can
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be made without decreasing the efficiency of the system can be calculated
from the formula
R n 1
e
where R is the reflectivity of the mirror, n is the number of traversals,
and e is the base of natural logarithms (ref. 3-30).
Figure 3-4 shows such a long-path gas absorption tube attached to a
spectrometer for obtaining infrared absorption spectrum (ref. 3-31).
The main function of the windows £i and £2 is to provide a vacuum and
pressure seal. Of necessity, the material must be infrared transmitting
(generally KBr or NaCI). All mirrors within the tube are prealigned optically
and bonded to metal mounting posts. The A and B mirrors are prealigned to
the principal optical plane of C and bonded to metal posts with provisions
for a push-pull rotational adjustment by screws. Focal adjustment is ob-
tained by movement of the assembly holding A and B. The mirrors M 3 and M 5
are integral to a sub-base, which is kinematically mounted to the main base
of the tube and thus can be readily removed. This allows a frequent measure
of the radiation without the tube and will permit clearance to the polarizing
attachment and sample tubes of other types.
This technique has been used by Herzberg (ref. 3-26) and Kuiper et al.
(ref. 3-27).
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SECTION IV
THERMODYNAMIC PROPERTIES OF THE MARTIAN ATMOSPHERE
This section summarizes the results of a review of the current knowledge
of the thermodynamic properties of the Martian atmosphere. The parameters
discussed are those which are considered to have great importance to space-
craft design and which may lend themselves to laboratory simulation. The
major objectives of this study were as follows:
• To review current knowledge of the thermodynamic properties of the
Martian atmosphere.
• To identify and briefly define the significant parameters and their
interrelationships.
• To suggest experiments that could be performed to clarify or augment
existing knowledge of the thermal properties of the Martian atmosphere.
It is apparent that much of the information concerning the planet Mars is
still basically hypothetical in nature. This lack of definitive data has led
to different, even opposite, interpretations of the same observations, and
often extrapolations approaching speculation. The Mariner IV data, for example,
have been interpreted in several ways. The diversity of opinion and great numbers
of papers based on the same d_ta have resulted Jn a time-consuming literature
search with minimum return. However, the need to glean factual material from
the literature was recognized as an objective of this investigation, and some
element of truth has been found in most material reviewed.
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!As shown in the following paragraphs, several thermally related parameters
were selected for investigation and evaluation. Many of them relate to other
technical areas also, but cannot be easily separated due to a mutual interdependence.
A prime example of this, which is of particular interest to this task, is that of
dissociation and ionization. These physical renctions can have a significant
effect on the thermal levels and balance of the atmosphere, which, in turn, are
dependent upon the atmospheric composition, altitude, energy spectrum and flux,
recombination rate, etc. It is recognized that there is considerable overlap
between the study of thermodynamic properties of the atmosphere and the study of
dissociation and absorption.
Most of the thermodynamic experiments suggested in this section could
probably be performed in the same basic facility. However, this does not hold
true for all the experiments outlined in the other sections of the report. It
appears that, for the feasible experiments, several different sets of basic
facilities and equipment will be required. Therefore,an all-purpose Martian
atmosphere simulation facility does not appear practical, either from a tech-
nical or an economic viewpoint.
4.1 RESULTS
The following list of major thermodynamic parameters and properties of the
Martian atmosphere has been constructed as a guide to organizing the literature
survey:
a. Surface temperature, specific heats, albedo, etc.
b. Surface to atmospheric thermal coupling.
c. Atmosphere composition.
d. Temperature versus altitude profile.
e. Density and pressure versus altitude profiles.
f. Martian winds and dust storms.
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Each item on the list is quite broad and interrelated with most of the other
items on the list.
Someof the most significant points concerning each of the thermodynamic
parameters are listed in Table 4-1.
An excellent comprehensivesurvey paper of the Martian atmosphereby Brooks
(ref. 4-1) has been reviewed and maybe used as a quick reference for the latest
information. However,Brooks' paper doesnot expandon the major inconsistencies
and uncertainties that remain and which are of great concern in the present
study. Wherepossible, areas that maylend themselves to experimental verification
and simulation will be pointed out.
Themore significant thermodynamic parameters are discussed in the following
paragraphs and are also listed in Table 4-1. Although the table is self-
explanatory_ it represents an attempt to present the material in a simple heuristic
fashion.
4.1.1 Surface Temperatures
The surface temperature refers to the temperature of the Martian "_ir"
only a few meters above the solid lithosphere surface. This specification is
necessary since it is believed (ref. 4-2) that there can be a large variation
in the surface atmosphere temperature and the surface groundtemperature. In
fact, as a result of the radio occultation experiment of Mariner IV (ref. 4-3),
the surface atmosphere temperature was deduced as approximately 180 I_20°K while
the surface temperatures were suggested to be approximately 240°K for the
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time, conditions, and location of the Mariner IV measurements (see Table 4-2).
However, as discussed in the next paragraph, the surface temperature was based
on radiometric observations made prior to 1956 (ref. 4-4). Therefore, it is
only conjecture at this time that the temperature differential was as high as
suggested. However, Gifford established that the diurnal variation of the air
temperature at 2 meters above the Gobi desert (Earth) in June is only about 25
percent of that at the surface.
Although the radio occultation data of Mariner IV may be considered to
have produced the most accurate temperature (and density) d_ta to date, it
represents only one data point relative to time, conditions, and geographic
location. It is unfortunate that more such instrumented flightshave not been
made.
The surface atmosphere temperature was calculated from the equation
Tat m H m g/k ,
where H is the pressure scale height, m is the mean molecular mass, g is the
gravitational acceleration (at Mars' surface), and k is the Boltzmann constant.
The scale height (ll) was measured by the Mariner IV occultation experiment and
the mean molecular mass was assumed on the basis of the models given in items
4 to 7 of Table 4-2. Of course, the jusitification for the preponderance of
carbon dioxide in the models is because the total surface pressure deduced
from the occultation experiment is approximately the same as the partial pressure
of carbon dioxide (4 to 6 mb) measured spectroscopically from Earth (refs. 4-5
and 4-6).
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Table 4-2. SUMMARyOFPRELIMINARYESULTSFORTHELOWER
ATMOSPHERE OF M_RS-MARINER IV DATA
(ref. 4-3)
i. Location
2. Surface Refractivity
3. Surface Scale Height
4.
.
.
o
Surface Number Density
(a) All C02
(b) Up to 20 percent N 2 and/or Ar
Surface Mass Density
(a) All CO 2
(b) Up to 20 percent N2 and/or Ar
Temperature near surface
(a) All CO 2
(b) Up to 20 percent N 2 and/or Ar
Surface Pressure
(a) All CO 2
(b) Up to 20 percent N2 and/or Ar
Immersion was over Electris at 50 deg S.
latitude, 177 deg E. longitude, local time
i p.m., winter, solar zenith angle 67 deg.
3.6 + 0.2 N - units
9 +Ikm
1.9 _ 0.I X 1017 mol/cm3
2.1T 0.2 X 1017 mol/cm 3
1.43 4 0.I0 X I0 -5 g/cm 3
1.50 _ 0.15 X 10 -5 g/cm 3
180 + 20°K
175 _ 25°K
4.910.8mb
5.1Tl.lmb
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Knowingthe surface (air) temperature and the total molecular number
density, the total surface pressure maybe calculated from the equation of
state
P :: nkT .
Obviously then, the data required to measure the surface (air) temperature -
other than direct measurements using landing vehicles - is the pressure scale
height and the surface mass density.
llopefully, additional instrumented flights will be made having the
ability to make similar measurements from which the temperature may be deduced
or, even better, measured directly.
4.1.2 Surface Ground Temperatures
This parameter was briefly discussed above in relationship to the
surface atmosphere temperature. Most of the available knowledge of the
surface temperature of Mars comes from radiometric observations assembled by
Cifford and Sinton and Strong (ref. 4-7). Figure 4-1 (ref. 4-8) gives the
diurnal temperature variation from observations taken in 1954_ when the planet
was near perihelion, nearest to the Sun and Earth. The values given in Figure 4-1
include tentative corrections to the data of Sinton and Strong as made by Opik
(ref. 4-9) for imperfect emissivity. The dashed portion of the curve for the
nocturnal temperatures represents estimations by Opik (ref 4-8), who suggests
that the large diurnal temperature amplitude indicates a low thermal conductivity
of the upper surface materials.
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The observations of Sinton and Strong support an extreme diurnal
temperature variation of about 100°C at the equator. This increases
considerably the diurnal variation of 50°C reported earlier by Gifford.
The paper by Gifford displays some charts of seasonal temperature
distributions as a function of geographic location on Mars. Although
these tempratures may be considered somewhat in error now, the isotherm
patterns were somewhat self-consistent and many of the patterns corresponded
to well-known surface markings.
It has been postulated (ref. 4-2) that the noontlme, equatorial ground-
surface temperature for Mars could be 75 ° K higher than the air temperature
near the ground, which illustrates very poor thermal coupling between the
atmosphere and lithosphere. Part of this poor coupling is attributed to a very
low therma] conductivity for the surface material, with a value approximating
that of atmospheric air near the surface of Earth (ref. 4-8).
Values of surface thermal conductivity, specific heat, reflectivity,
etc., are required to provide a basis for mathematically predicting the sur-
face temperatures. Radiometric observations from orbital vehicles and direct
temperature measurements are encouraged. Additional laboratory investigations
of the thermophysical properties of possible Martian surface materials would
provide more useful information concerning the composition of the lower
atmosphere.
Some more recent average temperature values (Table 4-3) were reported
by Johnson (ref. 4-10). These are based on observations made at the Mr.
Wilson and Lowell observatories using vacuum thermocouples.
4-i0
Table 4-3. SURFACETEMPERATURED_TAFORMARS
EVENT TEMPERATURE(°K)
Meantemperature of illuminated disk 248
Tropical diurnal temperatureSunrise
Midday
Sunset
Polar Caps
Average
Limbs
225 to 215
265 to 285
280 to 265
2O5
260
4.1.3 Optical Properties of the Atmosphere and Surface
4.1.3.1 Transmissivity and Specific Scattering of the Atmosphere, and Surface
Reflectivit_ Table 4-4 provides some data on the transmission coefficient
(p) and specific scattering of the Martian atmosphere (a), and the reflectivlty
of the surface (s). These values were compiled by Opik (refs. 4-9 and 4-11)
based on Russian observations made with a small (6-inch) telescope (ref. 4-12).
Table 4-4. SOME SELECTED OPTICAL PROPERTIES OF
THE MARTIAN ATMOSPHEI_E AND SURFACE
G
WAVELENGTH (A)
4600 (Blue)
5200 (Green)
5430 (Green-Yellow)
5800 (Yellow)
6400 (Red)
P
0.83
0.54
0.60
0.69
0.74
0.20
0.22
0.23
0.24
0.20
0.25
0.25
0.34
O. 40
O. 53
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4.1.3.2 Albedo - According to Opik (ref. 4-8), the albedo for Mars in the blue
and violet range is about 0.15. Thus, only approximately 15 percent of the
violet light is truly scattered in all directions, while 85 percent is absorbed
and converted into heat. Onthe basis of a paper by Kuiper (ref. 4-13),
Johnson (ref. 4-10) lists a value of 0.148 for the integrated visual albedo.
However,the acceptanceof a value of 0.15 or 0.148 for the integrated
albedo seemsinadvisabl_ According to G. de Vaucouleurs (ref. 4-14), ,'...new
data on the spectral reflectivity curve of Mars... in conjunction with the
spectral energy curve of the Sun, lead to a value of 0.25 for the radiometric
or integral albedo of Mars. This is significantly higher than the visual value
of 0.15 often used in the past in theoretical calculations on the heat budget
of the plane_ hence, somewhatless solar energy, in the ratio 0.75/0.85, is
available at and near the surface of Mars than we thought perviously."
The foregoing paragraph requires careful consideration since some
authors are still using albedo values of 0.15 while others are using values
of 0.25 to 0.26. For example,Neubauer(ref. 4-15) used a value of 0.26 for
the integrated albedo in his study of the thermal properties of the Martian
surface. This appears to be a serious inconsistency and is a problem area
that should be resolved before any further serious studies are madeof the
overall heat budget.
4.1.4 Thermal Properties of the Martian Surface
Most of the following values for the thermal properties of the Marti;Jn
surface are based on the assumption that the surface near the equator is a
4-12
Ifairly homogeneous layer of finely powdered goethite or limonite having a
characteristic size of not more than a few microns. Table 4-5 is a
tabulation of some of these latest derived and assumed values. The paragraphs
following Table 4-5 explain the sources of the values.
Table 4-5. TItE TIIERMAL PROPERTIES OF THE MARS SLIRFACE
QUANTITY
0 d (Density)
0 d (Density)
k0dC
k0dC
k (Thermal conductivity)
k (Thermal conductivity)
c (Specific heat)
h c (Convective heat
transfer coefficient)
UNITS
gm/cm 3
gm/cm 3
cal2/sec.cm4.OK 2
cal2/sec.cm4.OK 2
cal/cm.sec-°K
cal/cm-sec.°K
cal/gm-°K
cal/cm2.sec.°K
VALUE
2.7
2.0
1.53 x 10 -5
5.76 x 10 -6
3.3 x 10 -5
2.0 x 10 -5
0.173
0.35 x 10 -4
to I.i x 10 -4
REPORTED BY
Neubauer (1966)
Leovy (1966)
Neubauer (1966)
Leovy (1966)
Neubauer (1966)
Leovy (1966)
Neubauer (1966)
Leovy (1966)
DERIVED
OR
ASSOI_ED
PARAMETER
Assumed
Assumed
Derived
Derived
Derived
Derived
Assumed
Derived
4.1.4.1 Density at the Surface. Johnson (ref. 4-10) reports calculations made
by MacDonald (ref. 4-17) which give a mean surface density of 3.8 to 3.9 gm/cm 3
at zero depth. The later values taken by Leovy and Neubauer were based on the
assumption that the Martian surface material is similar to finely powdered
goethite or limonite (Table 4-5).
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04 OK24.1.4.2 The Parameter (kOdC). A value of 1.53 x 10 -5 cal2/sec cm was
calculated by Neubauer from a heat balance based on a temperature curve obtained
from Planets and Satellites (ref. 4-18). The temperature curve used belonged
to one of the bright areas believed to consist of goethite or limonite. Leovy
calculated a value for k0dC of ~ 5.76 x 10 -6 cal2/sec.cm4.°K 2 by a similar
procedure using a diurnal temperature curve from Sinton and Strong. Their
temperature curve was based on observations, all of which were taken within
a few latitudinal degrees of the equator.
The value of kOdC derived by Neubauer is larger than the value derived
by Leovy by a factor of over 2. Part of this discrepancy may be due to the
different values taken for the albedo (0.15 for Leovy and 0.26 for Neubauer).
This was discussed earlier in the subsection on albedo. Another possible
reason for the discrepancy may be due to the assumption by Neubauer that the
main constituent of the Martian atmosphere is nitrogen rather than carbon dioxide.
This does not invalidate the analysis of Neubauer, but the work should be updated
with the latest values of pressure and composition.
4.1.4.3 Specific Heat. Neubauer obtained the value of specific" heat for the
surface material from an extrapolation of a table for c(T) of goethite in
Landolt-Bornstein (ref. 4-19). The value taken by Neubauer was c :_:0.173 cal/gm.°K.
Leovy cited a value of 0d c ~ 0.30 cal/cm3°K which was said to be considered
representative of powdery limonite, or of fine quartz sands. Leovy assumed that
this product could be broken into Pd _ 2 gm/cm 3 and c :: 0.15 cal/gm°K. The
source of Leovy's data was not listed.
4.1.4.4 Thermal Conductivity. The value of k _: 3.3 x 10 -5 cal/cm'sec -°K,
as reported by Neubauer was derived from the product kPdC and the values for
goethite and limonite. Likewise, the value of k " 2 x 10 -5 cal/cm-s ec'°K
determined by Leovy was determined from the product kOdC as explained previously.
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s4.1.4.5 Convective Heat Transfer Coefficient. Leovy suggested that the order
of the convective heat transfer coefficient should be h - 10 -4 cal/cm2.sec.OK.
c
He was able to conclude this from a heat balance where it was assumed that the
linear convective heat-flux was a good approximation for forced convection with
steady winds.
4.1.5 Surface to Atmosphere Thermal Coupling
The thermal coupling in question refers to how well heat is transferred
from the surface to the atmosphere. From the literature reviewed thus far, it
is apparent that only a very limited knowledge exists on this subject. Most
conjectures appear to agree with that of Anderson who suggests that great
convective instability can occur in the lowest layers of the atmosphere. As
mentioned previously, the wide diurnal temperature variations and the possibly
large surface-to-atmosphere temperature differentials could create unstable
convective layers near the surface.
The most recent theoretical analyses reviewed concerning thermal
convection near the surface of Mars are those by Leovy and Neubauer. Neubauer's
paper supports the highly interesting contention that convective instability near
the surface can cause small-scale cyclonic disturbances (dust devils), and that
these disturbances provide an explanation for the yellow clouds that have been
observed on Mars. This phenomenon was discussed in much greater detail in
Section II.
Direct measurements of the temperature profiles in these lowest
convective layers may be possible if performed by landing vehicles. Measurements
4-15
0from orbital vehicles, i.e., the radio occultation experiment, fail due to the
uncertainty of the height of specific topographical features along the limb.
The thermal coupling, as described here, is not felt to be very amenable
to Earth-based laboratory simulation. However, some analytical correlation may
be made by studying actual Earth environmental thermal coupling.
4.|.6 Atmospheric Composition
Details of the atmospheric composition have been covered in the com-
prehensive report by Brooks (ref. 4-1) which represents the most recent survey
paper on the atmosphere of Mars. Although nitrogen was originally thought to
be the major atmospheric constituent of Mars, it is now believed that carbon
dioxide is the major constituent since it is compatible with both the Mariner
IV occultation experiment and spectroscopic measurements (ref. 4-3).
Brooks summarizes the gaseous composition as follows: "...The gases
and vapors can be grouped in three classes according to estimates of their
abundances: (I) C02, A, Ne, N2; (2) O, 02, H20 , CO; and (3) 03 , NO, NO 2, N204,
and all others. The total abundances of the groups are of the order of magnitude
of i00 m-arm, 5 cm-atm, and 5 micron-arm, or 99.95 percent, 0.05 percent and
0.000005 percent, respectively, of the total atmosphere. With considerable
uncertainty, it can be stated that CO 2 accounts for about 70 percent, argon
and/or neon about 20 percent, and N 2 about i0 percent, but it is realized that
CO 2 may constitute more than 90 percent of the atmosphere if the total pressure
is found to approach the CO 2 partial pressure."
4.1.7 Temperature Versus Altitude Profile
r
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4.1.7.1 Temperature Versus Altitude Profile Above the Tropopause. There is
general agreement among several investigators regarding important temperature
points inferred and deduced from the Mariner IV radio occultation experiment.
Specifically, agreement exists on a surface (atmosphere) temperature of approxi-
mately 180 _ 20°K and a temperature of approximately 80 to 85°K in the region
near I00 km above the surface (refs. &-2, 4-3, 4-20, 4-21). However, there
are two major discrepancies or areas of disagreement that should be pointed out;
one appears to be of considerably more consequence than the other.
First, the temperature-versus-altitude profiles below approximately i00 km
are generally in poor agreement, although they all tend to follow the same trend
(Fig 4-2). The region of greatest disagreement below I00 km appears to be
between approximately 50 km and 90 km. The main explanation given for this
disagreement (ref. 4-22) is that the exact sublimation and diffusion times for
C02 are not completely known for this region. Fjeldbo et al. (ref. 4-22) assumed
an F2 model allowing the temperature below I00 km to dip well below the saturation
temperature for C02. Johnson (ref. 4-23) also assumed an F2 ionosphere model;
however, he assumed that the temperature profile from the top of the convective
layer (-14 km) up to about I00 km approximately follows the vapor-pressure curve
for dry ice. It may be possible to perform laboratory tests to determine the
relative diffusion and sublimation times for C02 at various temperatures and
number densities.
The second and possibly most significant area of disagreement in the
temperature versus altitude profiles is in the region of the ionosphere and
above. The disagreement resides in identifying the main ionospheric layer
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Qmeasured by Mariner IV as being analogous to a terrestrial F2, FI, or E layer.
Several investigators including Johnson (ref. 4-23) and Fjeldbo et al. (ref. 4-22)
have suggested an F 2 model while others support the E model. The large and very
serious disagreement in the range of temperatures predicted by the two models
is depicted by Figure 4-2. The details of the disagreement will not be covered
here since they are well covered in the above reports. However, it should be
pointed out that the ambiguous interpretations of the radio occultation data at
ionospheric heights results in proposed neutral number densities differing by
factors up to 104 and suggested upper-atmospheric temperatures varying from
approxi_te]y IO0°K more than 400°K (ref. 4-22). This disastrously wide range
of values is not a result of design criteria parametric studies. It is a result
of a variety of interpretations of the occultation experiment data.
There is a possibility that laboratory investigations of the most
suitable rate coefficients may be made for gases approaching 80°K. Knowledge
of the temperature dependence on the rate coefficient may help alleviate some
of the uncertainties in the controlling reactions.
4.1.7.2 Adiabatic Lapse Rates to the Tropopause. Based on the results of
Mariner IV, Johnson (ref. 4-23) suggested the F 2 model shown in Figure 4-1.
He assumed that the fall in temperature from the surface atmosphere value to
the tropopause, through the convective layer, should be adiabatic. He suggested
that the temperature, through most of the atmosphere, should run along the dry-
ice vapor-pressure llne which sets the temperature at the tropopause altitude
(14 km) at 140°K. Thus, with a surface atmosphere temperature of 210°K, the
adiabatic lapse rate is about 5°K for an atmosphere assumed to consist mainly
of carbon dioxide.
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Models 4 and 5 of Ohrlng and Mariano (ref. 4-25) are in fair agreement
with the modelof Johnson (ref. 4-23) in the troposphere and the lower part of
the atmosphereto approximately 45 km. Ohring and Marlano assumedadiabatic
convective lapse rates to the tropopause_but computedthe radiation temperature
changerates as a function of altitude. Therefore, the temperature profiles of
Ohrlng and Mariano do not exhibit linear adiabatic lapse rates.
The adiabatic lapse rate calculated by Anderson (ref. 4-2) for a surface
atmosphere temperature of 210°K is 5.44°K/km, which is in fair agreement with
the 5°K/km determined by Johnson (ref. 4-23). The adiabatic lapse rate can be
determined from
A = g/Cp ,
where g is the acceleration of gravity and C is the mean value of the specific
P
heat capacity at constant pressure.
4.1.8 Density and Pressure Versus Altitude Profiles
Figures 4-3 and 4-4 show comparisons of the number density and pressure
versus altitude profiles for various atmospheric models. These models generally
represent the effects of assuming different atmospheric compositions and making
different assumptions about the heat transfer processes taking place.
The models of Weidner and Hasseltine (ref. 4-20) and Evans et al. (ref.
4-26) represent the extreme variability in the Maritan atmosphere for the design
of spacecraft and should not be considered as representative of the actual Mars
atmosphere. Three model atmospheres of differing atmospheric composition,
surface pressure, and surface temperature were assumed by Weidner and Hasseltlme
(the upper density model - 48.8 percent CO 2 and 51.2 percent N2; the mean density
r
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model - 75 percent CO 2 and 25 percent N2; and the lower density model - i00
percent C02). The HSFC Planetary Atmosphere Computer Program was used in
generating these models). The lower density model appears to agree quite well
with that of Fjeldbo et al., (ref 4-3) due to the large percentage (i00) assumed
for carbon dioxide. Weidner and Hasseltine assumed that the atmosphere at 60 km
would change from a purely mixed medium to a gas undergoing strong dissociation
and diffusive equilibrium. The assumption was made that when the carbon dioxide
is dissociated, the resulting atomic oxygen and carbon monoxide begin to undergo
diffusive separation.
The number density profile of Chamberlain a_d McElroy (ref. 4-24) is
based on an available radiative model of Prabhakara and Hogan (ref. 4-27)
having a surface pressure of I0 millibars and an assumed composition of 44
percent CO 2 and 56 percent N 2 (including 0.4 percent 02). They insist that
the lifetime of a CO 2 molecule against photodlssoclation "...is 3 x 106
seconds, or about I month, high in the atmosphere. But in the main dissociation
region the lifetime is much longer. For example, with photochemical equilibrium
... the optical thickness to ultraviolet is 9.4 at the 02 peak, so that here a
CO 2 molecule could survive intact for 103 years." In addition, Chamberlain and
McElroy assumed that the constituent gases were homogeneously mixed throughout
the atmosphere although it was admitted that this is an oversimplification and
represents the opposite extreme to models based on complete dissociation.
Even when models with much lower densities and te,.iperatures are assumed at
the base of the ionosphere, the temperatures calculated for the ionospheric
peak and the thermosphere are still extremely high compared to models of
other investigators. In particular, Chamberlain and McElroy assumed the temp-
erature (IOO°K) and density at 70 kilometers as used by Johnson (ref. 4-23)
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to test the effect of lower temperatures and densities on their model. The
height of 70 kilometers was chosensince Johnsonsuggested that the onset of
diffusive separation beganat this level and, also, that it was the level at
which direct solar heating becameof importance. Chamberlainand McElroy
subsequently calculated a temperature of 285°Kat 125 kilometers (in the region
near the observed ionospheric peak) and an exospheric temperature of 375°K,
both of which are in serious disagreementwith the nearly isothermal temperature
of 85°K as suggestedby Johnson.
The previous paragraph concerning the large disagreement in the ionosphere
and exospheretemperatures has been included here because it is tied so strongly
to the assumedmodelsof density and composition. The use of Model I of
Prabhakaraand Hoganin the calculations of Chamberlain and McElroy seems
inconsistent with the generally accepted density and composition models of other
investigators who assumethat the Martian atmosphereis composedmainly of
carbon dioxide (refs. 4-2, 4-3, and 4-23). The serious disagreement that
exists will certainly not be resolved in this feasibility study; however, the
disagreement appears to stem from the difficulty in specifying a model that is
consistent with physical observation and is at the sametime self-consistent
with assumeddissociation, recombination, and diffusive separation models.
4.1.9 Martian Winds and Dust Storms
The feasibility of simulating the horizontal winds and small-scale
cyclonic disturbances for Mars and the Earth is discussed in Section II along
with a brief review of the current knowledge and related hypotheses.
A
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4.2 POTENTIAL EXPERII_NTS
The review of present knowledge concerning the Martian atmosphere has
pointed out several experiments that could aid in clarifying and explaining
certain anomalies and unknowns of the atmosphere. In fact, several assumptions
made concerning the Martian atmosphere are based on incomplete data from
laboratory experiments performed on Earth.
In addition to the experiments listed below, some highly interesting and
instructive experiments relating to thermal convection and winds near the
surface of Mars (and Earth) are proposed in Section II.
4.2.1 Polarization Studies of CO 2 and H20 Frosts
There is still a considerable amount of uncertainty concerning the
composition and physical make-up of the "polar caps" and the so-called
"blue haze". According to G. de Vaucouleurs (ref. 4-28), the polar caps were
definitely proven to be "ice" (frozen water) by Gerard P. Kulper. From Kulper's
direct spectrophotometer investigatlons_ it was theorized that the polar ice
caps were not thick snow and ice fields, but were only thin coverings of frost.
This theory was still supported as late as 1964 (ref. 4-29).
The radio occultation experiment of Mariner IV has shown the surface
pressure to be about 4 to 5 mb. This experiment, along with earlier
determinations of the partial pressure of C02 on Mars, has substantiated the
theory that CO 2 is the major constituent of the Martian atmosphere. Also,
more accurate surface pressure measurements have resulted in better estimates
of the surface (ground) and surface (atmosphere) temperatures. This new
information has prompted the theory that the polar caps are composed mainly
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of precipitated carbon dioxide with possibly a very thin film of water ice
covering the solid carbon dioxide. This theory has been suggestedby Leighton
and Murray (ref. 4-30) who state that "...C02 should precipitate out and
accumulateat the higher latitudes during local winter." They felt that the
possibi|ity of a thin film of the frozen H20 at the top of the receding CO 2
polar cafes might alter the "...reflective properties of the cal_ enough to
_ke it appear to be composed of water ice."
Thus, a very simple experiment could be performed to investigate the
nature and amount of polarized light given off by various combinations of
solid carbon dioxide and water frost formed under the predicted temperature
and pressure environment of the Martian polar caps. This study could not be
entirely conclusive until more accurate temperature values are obtained for the
regions under consideration.
Although possibly more difficult to simulate under laboratory conditions,
additional polarization studies of "clouds" formed of frozen crystals of H20
and C02 may shed new knowledge concerning the so-called "blue-haze" of Mars.
Carbon dioxide as well as carbon and hydrocarbon smoke have been suggested
by Salisbury (ref. 4-31) as possible candidates for the "blue-haze".
4.2.2 Determination of the Reaction Rate Coefficients, kl, at Temperatures
A
Approaching 80°K
The Mariner IV occultation experiment has provided new and highly
instructive information about the Martian atmosphere. However, in establishing
a definitive model for the atmosphere, a great deal of conjecture remains
concerning such phenomena as the chemical reactions taking place in the upper
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atmosphereand ionosphere. Onesuchmodel has been formulated (ref. 4-3)
based on the present information about the critically important rate coefficients
for ion loss processes. The significance of this model is the choice of the
critically important reaction and rate coefficient for the loss of ionized oxygen
In the main ionospheric layer. Atomic oxygen was chosen to be the principal
constituent above some altitude due to its lightness compared to CO, N2, 02, A,
and C02. According to Fjeldbo et al., "...the most promising model (for the
upper atmosphere) appears to be the one in which reaction (5) (0 j + C02 _ 02 i
CO, k I _ 10 -9 cm3/sec) is the dominant rate mechanism in the main ionospheric
layer." (Rate coefficient, kl, times particle density equals loss rate). However,
the rate coefficient (k I) was taken as that measured at 300°K rather than at 80°K
(the predicted ionospheric temperature),and the temperature dependence on the
rate coefficient is not well known. Therefore, revisions may have to be made in
this atomic oxygen-carbon dioxide model of the upper atmosphere when new
information is obtained on the temperature dependence of the rate coefficients.
An intensive study should be made of the temperature dependence of the
most suitable rate coefficients. This could very possibly be done in a
cryogenically cooled vacuum chamber. As discussed earlier, the most important
rate coefficient be to investigated is that associated with the loss of ionized
atomic oxygen as depicted by the equation
++C00 + + C02 ÷ 02
4.2.3 Determination of the Si_nlflcant Reactive Processes in the Upper Atmosphere
In association with the experiment and dlsucsslon presented in subsection
4.2.2, it is suggested that an investigation be made of all chemical reactions
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suggestedas being possible in the Martian atmosphere.
et al., the most likely possibilities appear to be:
+
0+ + C02+ 02 + CO
+
0 + + 0 2 ÷ 0 2 + 0
0 + + N 2 "+ N0 + + N
According to Fjeldbo
k I & 10 -9 cm3/sec
k 2 i0- Ii 3cm /sec
k 3 _ i0- 12 3cm /sec
These and other likely chemical reactions should be investigated along
with a determination of the temperature dependence of their rate coefficients.
4.2.4 Determination of the Characteristic Time Constant for CO 2 Sublimation
FJeldbo et al. (ref. 4-22) have deduced a temperature versus altitude
profile (Figure 4-2) based on the assumption that all the C02 in the atmosphere
is supercooled. However, they suggested that this may well not be the case
and some C02 sublimation might take place. They showed that the temperature
and number density profiles may deviate widely from the supercooled case if
varying amounts of sublimation are allowed. The exact amount of sublimation
taking place could not be predicted since the characteristic time constant
for the process is not known.
It is suggested that the relative amounts of sublimation nuclei could
be determined for different degrees o_ supercooling in a simulation facility.
Such a facility would require the ability to maintain selected vacuum pressures
and temperatures while simultaneously being able to determine the degree to
which the gas is supercooled. The major problems anticipated with such a study
are:
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• Accounting for the gas and sublimation nuclei that condenseon the cool
chamberwalls.
• Measurementof the actual number of sublimation nuclei present per unit
volume for any given condition of temperature and pressure.
It is believed that solutions to these problems can be found. For example,
the mass of carbon dioxide being deposited continuously on the cooled walls of
the facility may be measured by cryogenic quartz-crystal microbalances (ref. 4-32).
The amount of sublimation nuclei present may possibly be measured by visualization
techniques such as ultraviolet fluorescence.
4.2.5 Determination of the Convective Heat Transfer Coefficient Near the Surface
of Mars
One of the most recent calculations for the convective heat transfer
coefficient near the surface of Mars was made by Leovy (ref. 4-16). Leovy suggested
a range for this coefficient of ~0.35 x 10 -4 to _I.I x 10 -4 cal/cm 2 sec°K. It was
assumed that the linear convective heat-flux law could be expected to be a good
approximation for forced convection with steady winds. The basic exchange of heat
among the ground, atmosphere, and space was assumed to be expressed by
h(To-Th) = EoT 4 _ R b + hc(To-T a)O
where T is the Martian surface temperature, h and T h are parameters related toO
radiative processes as well as to conduction and convection in the atmosphere, E
is the infrared emissivity of the ground, o is Stefan's constant, R b is the flux
of back radiation, and h is a convective heat-transfer coefficient. The parameter
C
T depends on the temperature distribution in the atmosphere.
a
In conjunction with the experimental investigation of the horizontal wind
storms (Section II), it is suggested that studies of the convective heat transfer
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coefficient be made in the same facility. This should pose little problem
since the temperature profile above the surface of the flow facility
can be measured readily at several stations. Also, measurements of the
radiation arriving at the surface of the facility may be taken or estimated.
The importance of such a measurement is its relationship to the
initiation of winds and dust devils through natural convection. Before
performing the aforementioned convective heat-transfer tests, the proper
scaling laws must be investigated for natural and forced convection under
similar circumstances. This could, perhaps, result in the suggestion of
smaller-scale tests that could furnish the desired information more
efficiently and economically.
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gSECTION V
CONCLUSIONS AND RECOMMENDATIONS
Our knowledge of Mars is based on terrestrial observations and the M3rlner
IV flyby, and falls somewhat short of satisfactory design criteria. Simulation
studies would increase our present knowledge and supplement the results of
future terrestrial observations and space probes. This is especially true
for the Martian atmosphere.
Disagreements still persist on the vertical structure of the Martian
atmosphere, but even so there is now general agreement that the pressure
profile remains below that of the Earth at any altitude.
The main disagreement concerning the vertical structure of the Martian
atmosphere involves specification of the main ionization layer as observed
by Mariner IV. Scientific and engineering requirements indicate that an
answer to this disagreement must be obtained since the proposed ionosphere
models vary by factors of 104 in number density at ionospheric heights, and
upper atmosphere temperatures vary from I00 ° to 400°K.
Little information is available concerning wind velocities, circulation
patterns, probability of sand and dust storms, and related phenomena. However,
the results of this study indicate that conditions necessary for the trans-
portation and deposition of dust or sand and the formation of characteristic
landforms are present on Mars. Correct interpretation of sand and dust
storms and eolian landforms could supply further information concerning
Martian wind velocities, circulation patterns, and particle densities long
before planetary probes penetrate the Martian lower atmosphere.
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The primary objective of this study was to investigate,from a scientific
and engineering design criteria standpoint, the feasibility of obtaining
further Martian atmosphereinformation through simulation of the Martian
atmosphere. Three areas studied during this study include; simulation of
transportation and deposition of dust and sand by atmospheric processes,
thermodynamicproperties of Martian atmosphere,and dissociation and absorption
properties of molecular constituents in the Martian atmosphere.
The results of these studies not only indicate that simulation studies
are necessary for supplying design criteria data for future spacecraft, but
also are a necessity for the accurate interpretation of data returned from
early planetary probes. Earlier simulation studies, where experimentswere
conducted in the simulation of space, planetary, and terrestrial phenomenon,
have proven to be of scientific and engineering value.
A comprehensiveprogramcomposedof theoretical studies, simulation
experiments, and, in someareas, terrestrial field work is necessary to
ensure accurate spacecraft design data and the accurate interpretation of
data returned from planetary probes. In the following paragraphs, re-
commendationsare suggested for the implementation of such a program.
The results of the section concerning the simulations of transportation
and deposition of dust and sand by atmospheric processes indicate that impact
threshold velocities range from 75 m/sec to 55 m/sec. The former are calculated
using a 4-mbatmospheric model and a roughness factor equivalent to a rough
terrestrial desert, the latter using a 10-mbatmospheric model and a rough-
ness factor approximately seven times as rough. While these velocities are
high, they are within the range of velocities predicted for Martian surface
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winds and do not unduly tax the state-of-the-art of simulation technology.
The advancementsin recent years of simulation technology and measuring
techniques makesit possible to improve the accuracy and to expandthe scope
of earlier studies to include a large variety of samples(density, size, shape,
etc., of particles) and environmental conditions. Three types of simulation
facilities are desirable: a horizontal wind facility, a dust devil simulator,
and an unconsolidated material physical properties laboratory, each with the
capability of simulating both terrestrial and Martian environmental conditions.
Several areas are open to further investigation; primarily, evaluating
and updating previous theoretical studies for use as a guide for planning and
evaluating simulation experiments and facilities, simulation of eolian pro-
cesses under both terrestrial and M_rtian environmental conditions, supple-
menting these experiments with experiments concerning the physical properties
of unconsolidated material, theoretical and experimental studies of electro-
static effects, and field studies to validate theoretical and experimental
studies.
In the area of dissociation and absorption, it is strongly recommended
that effort be directed along two phasesof work: theoretical studies, and
absorption tube simulation. Thesetwo phasesof study are effective, simple,
and ground-based. Theoretical studies of aeronomical processes of the Martian
upper atmosphereshould also be conductedalong the samellne as earlier
terrestrial atmospherestudies. Simulation studies of the Martian atmosphere
can be accomplished by using a long path-absorptlon tube as described _n the
text. In this arrangement, a long path-absorption tube of the multiple-
reflection type is filled with gas constituents which artificially simulate
the Martian atmosphere. At one end of the tube, solar radiation, or a
selected radiation source is introduced; at the other end, an infrared
5-3
spectrograph is connected. By varying the constituents of the artifical
atmosphere as well as its physical conditions (temperature and pressure,
particularly), a variety of spectrograms can be obtained. Comparison of
such spectrograms with the spectrogram actually obtained from the Martian
limb will provide knowledge of the composition of the Martian atmosphere.
If the spectrograph of the edge of the Martian limb could be obtained,
such a comparison will give the knowledge of the composition altitude profile
of the Martian atmosphere. In addition, it is recommended that more work
(experimental and theoretical) be done in obtaining reliable values of the
cross sections and rate coefficients for the suspected reactions in the
Martian atmosphere, under corresponding conditions. This is especially
significant at the low predicted temperature (80°K) of the M_rtian
ionosphere.
Experiments to investigate the nature and amount of polarized light
given off by various combinations of solid carbon dioxide and water frost
formed under the predicted temperature and pressure environment of the
Martian polar caps should be performed.
Experimental and theoretical studies to determine the characteristic
time constant for sublimation of CO 2 in the Martian upper atmosphere are
recommended. Additional experimental and theoretical studies are needed
to determine the thermal conductivity of the Martian surface and the
convective heat transfer of the atmosphere near the surface.
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